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1. ABSTRACT 
A variety of nondestructive' inspections are performed 
. 
I' 
within the electric power utility industry in order to i~-
pro~e the availabiiity of their fossil-fired boilers. One 
widely used method i.nvol ves u1:, trasonic measurement· of boiler 
tube thicknesses in order to determine the extent of wall 
• 
thinning, which has bee_n found to be a major· cause of force·a 
boiler outages. 
This study exan1ines the use of pulse-echo ultrasonic 
thickness testing with the aim of· implementing a suitable 
test methodology for evalua_ting the accuracy of waterwall 
wastage rates during normal o2 and low o2 boiler operations. 
Least-squares linear regression ~odels were used to predict 
and then reduce the systematic errors which were found to 
occur du·ring the ·ul t.rasonic thickness inspections performed 
at various furnace inspection sites. The resultant accuracy 
} 
for the average thickness changes in ~aterwall tube thickness 
based on these regres·sion models were between~ 0. 01 mm· and O. 02 
nun for the furnace sites inspected. 
The average furnace wastage rates during the normal and 
low o2 periods of J::>oil.er op·eration were O. 47 rrun/yr and O. 32 
mm/yr, r·especti vely. These preliminary results show no 
statistically significant difference in overall Unit No. 2 
wastage rates occurred during low o2 operations as compared 
to·normal o2 operations suggesting that low o2 operations 
do not adversely affect watetwall wastage rates. 
•' 
.. 
i 
\ 
I 
1 
. 11 
< 
<1 
2. INTRODUCTION 
The Potomac Electric· Power Company and Lehigh Univer-
sity are jointly involved in a project funded by the Electric 
Power Research Institute directed toward developing a #,. ···- .. 
' 
st.andardized method to optimize and improve boiler efficiency 
and1to quantify the factors which physically or economically 
limit the approach to stoichiometric cornoustion and reduced 
unit heat rate. The unit heat rate is an inverse measure 
of boiler efficiency and reductions in heat result in an 
increase in boiler efficiency. The results obtained from a 1 computer program developed to predict the effects of plant. 
operating conditions on heat rate suggest that reductions 
in unit heat rate at the Potomac Electric Power Company 
Morgantown Unit No. 2 boiler of the order of 29.3 kWatts/ 
Mjoule can be achieved by a combination of operating at 
lo~er levels of excess o2 , lower inlet air temperature to 
the air preheater and a finer size distribution of coal 
from the mills • 
. 
Whereas it might be desirable to go to lower levels of 
. . o2 because of heat rate, the utility industry does recognize 
that there are also problems inherent in doing this. These 
difficulties, as summarized by Levy, Crim, Wood and Somers 2 
include: (1) as the oxygen level is reduced the amounts 
of unburned carbon and .co can drastically increase·, leading 
to increased potential f.or particulate e:r;nissions, explosions 
and fires, (2) a. reduction in air flow rate causing lower gas 
velocities in the upper part of t.he furnace can lead to de-
creased convection heat transfer and the potential for a 
• decrease in ·Steam temperature, and (3) reductions in the 
. level of o2 increase the temperature of the flame and the 
size and shape of the flame zone an be altered which may 
.; 
2 
" 
, 
<. 
• 
.. 
.( 
result in an increase in the rate of slag buildup and tube 
wast~ge in the waterwall regions of the furnace. 
. 3 In a study perfonned at the Gulf Power Company, the 
Crist Unit No. 7 was operated at_low o2 firing conditions 
and the.waterwall tube corrosion rates were measured using 
ultrasonic mapping of furnace wall thickness. The results 
of this study found that wastage rates experienced during 
the 12 months of low o2 boiler operation did not appear to 
appreciably reduce the expected life of the furnace tubes. 
" 
This thesis describes the wastage monitoring proce-
dure developed for and implemented at the Potomac Electric 
Power~Cornpany's Morgantown Unit No. 2 plant. The· objectives 
o_f the wastage monitoring program include: (.1) implementa-
., 
tion of an ultrasonic inspection procedure that allows 
accurate ~nd repeatable wall thickness measurements to be 
obtained including an evaluation of the effects of abrasive 
"-blast preparation of the waterwall tubes, (2) establishing 
current wastage rates in different parts of the furnace, (3) 
a determination of the effect of o2 level· on waterwall tube 
wastage rates, and (4) an evaluation of waterwall probes 
as a 
1future wastage measurement tool. 
• 
' 
:... ·~-
• 
·., 
3 
'',. 
; 
.• 
(-. ·3. BACKGROUND 
. (\ 3 .1 Ultrasonic Thickness Measureme.nts 
The use of ultrasound for nondestructive testing was 
. 
originally rec?gnized during the 1930's by Mulhauser, 
Trost, and Pohlman .of Germany and Sokoloff of Russia 4 • 
• Their work using the through transmission method of testing 
was a significant ,advancement in nondestructive inspection. 
However,· ~heir method required access to both surfaces of 
the component being tested. Such -a· requirement is not 
practical in a number of inspection situations. Thicknes·s 
rneasuremen·ts ·of small diameter tubing w-ould be difficult, 
. 
. if not impossible to perform in an e~onoII1ical and efficient 
manner using the through transmission rnethqd. During the 
1940 's an inspect·ion method, .now called pulse-echo, was 
developed by Firestone 5 which required access to only one 
$Urface of the piece· being tested. 
Today thickness measurements are a popular application 
of the pulse-echo technique •. The utility industiy makes use 
-
of this nondestructive· inspection method a~ a means of im-
proving the availability of their fossil fired boilers 6 . 
7 8 This is done by perf arming boiler tube thickness surve·ys ' 
to determine. the extent of the wall thinning which has been 
found t·o be a major cause of unit outages 9 • Once located 
th h . d b d d .b. .· ·11 dlO e t 1nne ·areas can · e ·remove· .. · an new t.u 1ng 1nsta. ·e 
during an outage, preventing many unscheduled failures due 
' 
to waterwall rup_tures. The advantages of the ultrasonic 
inspection method which make it attractive to. the u·tility 
industry are: (1) it is fast, (2) the equipment is 
portable, and (3J the results are known immediately. / 
·However, no i.nspection method is without limit~tions~ 
Gib~on11 describes ~o disadvantages of the pulse-echo 
4 
,· 
•, 
• 
, .. 
... 
. . technique t·hat can affect the accuracy of the inspection: 
(1) boiler tube surface contours may make it impossible to 
properly position the search unit and, (2)_ using and inter-
preting ,the ·instrume.nt output requires training. In addition, 
thicknesses are only measured at selected spots on selected 
tubes and this represents only an extremely small area of the 
total area of tubes in a .boiler. 
The problem of tran_sducer placeme.nt · on the tube surfa-ce 
may result from the changes in wall thickness which generally 
occur on one side of the boiler tube12 as shown in Figure la 
and is caused by directionality of the flame impingment on 
the tube surface. The surface asperities of the tube at 
area A, shown in Figure lb limit contact between the trans-
ducer and the surface of the boiler tube, which results 
in a f~ulty thickness reading due to an inadequate reflection 
appearing on the cathode ray tube display. In some instances, 
an inadequate reflection may occur for boiler·tubes that 
have severe circumferential cracks or grooves as shown in 
Figure 2. To obtain an adequate back reflection the 
inspector·must reposition the transducer. 
Difficul~ies with interpreting instrument output is 
partially a result of the test instruments d·isplayi_ng· data 
(} 
in one or both of two pos~ible formats, eacn. with inherent 
advantages and disadvantages. The,se formats are the cathode 
ray tube (CRT) and digital d~splay. Usin~ the CRT display 
the wall· thicknes·s. is determined by the position of the 
leading edge of the first-back reflection from an aibitrary 
reference point. L~;ping, Lejune, and Meredith8 point out 
that for most.boiler tube thickness measurements the ultra-
• 
sonic instruments are calibrated so the full ·cRT screen width 
is equivalent to 12.70 mm of metal thickness. If.the hori-
zontal axis is divided into 50 increments, the accuracy 0f 
5 
... 
• 
• • 
> 
' 
,., 
'·~• 
...... 
• 
the measurements is ±0.13 ·mm. 
The digital instruments measure thickness_ in the same 
8 I 
manner as the CRT type instruments but they display the 
data in an easily read digital format. ~amping, Lejune, and 
Meredith 8 state that at first glance the digital instruments 
appear to provide increased accuracy qver that offered by 
• 
the CRT type iristrument since the readout seemingly displays 
. . 
thicknesses to the nearest O. 03 mm. They bel,ieve t_his is 
misleading since a strictly digital instrument doe$ not allow 
the operator an opportunity to observe the_shape or ampli-· 
tude of tbe back reflection before recording the thibkness 
measurement. 
A nuinber of methods have been used to determine the ·_ 
~ 
accura .. cy .. of ult .. ra_sonic measu.remenlt .. · tak.en us. ing the pulse--
h h O 11' d . I nh . 13 l' d ec o tee n1que. A en an Rei .a _ .out ine a proce ure 
that uses boiler tube samples to determine the accuracy of. 
~ 
-
the pulse-echo inspection technique. The tube samples are 
examined in a series of blind tests by.a number of field 
inspectors. The instruments, search uni ts 1, and calibration 
standards usec;l for the field inspections a+re the same ones 
used during the .inspection of the boiler tube s.amples. 
After completing the testing, the indicated ultrasonic 
~ 
' measurem~nts are compared to micrometer measurements~of the 
boiler tube samples. The differences between the ultrasonic 
m·easurements and the micrometer me·asurements are cal:led · 
systematic errors14 , from which the mean error of the ultra-
sonic ·test is then estimated u.sing the followi-ng equatior1: 
1 N X z: - x. - N i=l 1 
(1) 
6 
11 I! .. 
where: 
' , ... 
Xis the mean error in percent of tube wall 
thickness 
• the piercent for the ith ultra-X, 1S error 1 
• thickness measureme.nt sonic 
.. 
N • the number of data point-s • the set 1S in 
The tes;t equi.pment used in their program include a 
currently available ultrasonic instrument having both CRT 
and digital thickness displays, with .a 6.35 mm diameter 
5-MHz dual element transducer, and flat calibration_ step 
blocks. Allen and Reinhart13 state that their results 
indicate that pulse-echo testing using this equipment is 
capable of obtaining thicknesses accurate to within ±o.13 mm. 
Natanson, Manny, and Crawford 3 ~nducted ~n investiga- . 
. 
tion of ultrasoni~ measurement accuracy as part of the 
!:_ 
... 
corrosion study at the Crist Unit No. 7 boiler, which was 
~perated at pormal and then low o2 firing conditions. 
Using a calibrated ultrasonic test instrument, a total of 61 
'"' indi·vidual tube measurements were •performed twi_ce on a blino. 
predetermined basis once by -operator A and once by operator 
B, after which the differences in measure·d tube thic:kness 
q 
between the two operators were calculated. The average and 
standard deviation of all 61 differences were found to 0.004 
mm and ±o. 06:1 mm for .operat_ors A· and B, respectively. -The 
invest.igators found no evidence of high or low bias by either 
of the operators who made the meast1:rements. The term bias 
was used, instead of systematic error, to indicate that 
ul·trasonic thickness measurements were compared to u·rtra~ 
sonic thickness m~asurements and not to micrometer measure-
ments of tube thickness. 
,,. 
7 
.• 
The initial thickness monitori~g procedure for 
Morgantown incorporated,many.of the techniques outlined 
. h . 1 d 'b dJ,lJ H in t e test programs previous y . e.scri e • owever, 
. 
the accuracy of t~e preliminary boiler tube thickness measure-
,· 
ments were found to be less th~n that observed by Allen and 
Reinhart13 and by Natanso~, Manny, and Crawford3 • As a 
~ . 
result, a series of tests were performed in order to determine 
the cause of the 6bser~ed µltrasonid measurement accuracy. 
The details of the development of the thickness monitoring 
procedure are.described in Appendix I, Section A: Ultra-
sonic Procedural Development. 
3.2 Waterwall Tube Preparati6n 
Thickness measurements using the puls·e-ecbo inspection 
technique requires that the outer surface of the boiler tube 
. 
be cleaned to allow proper acoustic coupling between the tube 
• 
surface and the tr~nsducer. This involves removal of any 
., 
-
slag coating or any-other adherent scale ln order to expose 
c1ean bare metal. Wire brushing and abrasive blasting are the 
two. most cc>nunonly used cleaning methods. 
Two potential problems may occur as a result of cleaning 
the.boiler tubes: (1) the exposed clean bare metal may be 
more susceptable to accelerated wastage which could cause a-
high-er wastage rate and, (2) excessive ~etal loss caused by 
I 
wire brushing or·abr~sive blasting prior to ultrasonic 
inspection can result in measured values for wastage that 
fJ 
are not representative of the actual rate of metal removal 
at a particu.:J.ar furn ace site. 
• __; I ~"' ., •., ',..~ ,..,. ~ ' • ' ' 
A· stud~ performed by Exion Research -and Engineering3 
showed that there was no statistical evidence of increased I . 
wastage as a. result o'f abrasive, bla·sting 'tubes prior to ultra-
. 
sonic inspection f:or the baseline operatii:ig period. of five -months 
.... 
8 
(:i_ 
at the Crist No. 7 Unit of Gulf Power. However, the study 
did find evidence of a slightly increased wastage 0.01 mm was 
' 
caused by abrasive blasting tubes prior to the 17 month period 
that included both baseline and low o2 operation, which the 
'II, 
investigators concluded was too small and inconsistent to 
warrant further consideration. 
The concern about metal loss during the cleaning of 
tubes and. its potential effect on wastage rates was studied 
15 
# by Natanson , who performed a series of tests to determine 
the amount qf metal removed from the surfaces of .boiler tubes 
due to wire bruship9. These tests were conducted as a part 
of the thickness monitoring program for the Louisville Gas 
and Electric Mill Creek Unit No. 3 boiler. Over the course 
.. 
·of the experiment, a single point o.n a boiler tube sample 
was repeatedly measur~d after each of several wire brushing 
steps. The results showed that after 5 to 20 seconds of 
light cleaning of the tube surface ·approximately O. 01 mm of. 
metal was removed, while metal removal following heavy cleaning 
of the tube surface (betw-een 35 and 50 seconds of wire brushing 
with heavy sparks flying continuously during the abrasion)~ 
was approximately 0.04 mm • 
.. 
In a secon~ series of wire brush tube cleaning tests 
which were performed for the Columbus and Southern Ohio 
Electric Company, Natanson16 fourid that if the tubes were 
not sufficiently cleaned prior to measurement the remaining 
surface coating.could add as much as 0.05 mm to the ultra-
• sonic measurements. 
At Morgantown the boiler tubes ·are prepared for inspec-
tion. u§ing the abrasive blast method of cleaning which is 
17 ~ 
~houg·ht to be capable of. removing between O. 03. mm and O .10 
1rt" 
mm of material depending on the grit si~e and air pressure 
. . . 
used. In ·order to determine the amount of metal removed during 
9 
I 
... " ) 
I 
r· 
·, 
abrasive blast cleaning, a se~ies of abrasive blast cleaning 
u 
tests were conducted at the Morgantown Plant. Section .4 .1: 
Waterwall Tube Preparation describes the abrasive blast tests 
,I 
-
. performed at the Morgantown Uriit 2 boiler as patt of the 
thidkness monitoring program. 
•' 
3.3 W~terwall Wastage·Probes 
Although ultrasonic thickness -monitoring is the most 
commonly used tecpnique for determining waterwall tube 
wastage rates, a number of studies ·have bl=en performed in 
, 
· oil fired boilers18119120 and coal fired boilers 3115 using 
wastage probes to dete~mine, boiler tube wa.f;t.age rates. The 
wastage probe$ are sections of boiler tube material inserted 
into an operating boiler in order to expose the material to 
') 
the same nominal operating conditions, metal temperature, wall. 
heat flux, .local gas temperature, ga·s vel~city, and gas flow 
~. 
./ patterns as the waterwall tubes . Probe·wastage rates are 
then determined by,weight loss tram the sections of boiler 
tube material exposed to furn~ce operations for a known per~od 
of operating time. 
15 . . · · b Natanson describes the first generation of'pro es 
used for boiler corrosion studies as square sections of plate 
a few centimeters wi.de and 3 .18 mm thick that were ·mounted , 
on holders and dooled by applying air to the back surface of 
the plat~. However, the co9ling effect of the air_was not 
uniform which re~ulted in large temperature .gradients over 
the square tes~ plate. In addition, the probes were found 
to allbw cooling air to leak into the·furance·and s~ield the 
test plate, effectively preventing it from exposure to the 
fqrnace gases. Because of these difficulties this probe 
design was quic~ly abandoned. 
10 
.. 
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t . . 
Natanson, Manny, and Crawford3 used a second generation 
probe in their waterwall wasta.ge study at the coal fired 
\ 
Gulf Power Company Crist No. 7 boiler as shown in Fi9ure 3. 
. . 
These probes·are inserted horizontally·into the furnace 
waterwalls and are cooled by air flow inside the probe 
assembly. Wastage tests were performed with the probes 
exposed to the furnace environment for times ranging from 
24 hours to 1000 hours during unit operations at.normal o2 
and then low .0 2 firi·ng. c-onditions. The results of their 
-·study found that (1) the .wastage rate for probe coupons 
. . 
decreased with exposure time through at least 1000 hours, 
(2) the probes _exposed for periods of 300 to 1000 hours 11 
show·ed no significant differences in corrosion rate due to 
furnace location or furnace firing conditions, and (3) 
correlation between furnac;e tube corrosion rates determined 
using ultrasonid testing and probe data required a minimum 
exp<us_ure time of 450 hours. The wastage rates -determined 
using the probes were found to average O. 2.5 mm/yr to O. 31 
mm/yr. These rates· were sign_.ificantly higher than the 
measured rates of 0.03 mm/yr to 0.08 mm/yr determined using 
ultrasonic methods. In addition, the horizontal placement 
.. 15 
of the probes into the furnace waterwalls was believed to 
cause slag~uildup on the pro~es that was not characteristic 
of the actual furnace slagging condi t_ions which was believed 
to be the cause bf the- increased probe w~stag~ rates and even-
tua1·1y use of thi.s .. type of __ prob·e wa.s d.iscontint1ed. 
The thir·d generajon wastage probes _designed and manu-
factured 'by Combustion Engineering Company are mou-nted 
vertically in the boiler flush to the waterwa.11 as shown 
in Figure 4. As a r~sult these- probes are.more, likely· to 
. ' ~ 
be exposed to the same nominal operating cqnditions as the 
furn-ace tubes. The· general trends for these third genera·tion 
.. 
11 
• 
., 
,-
.. 
I 
probes observed during wastage studies showed that wast·age 
. . '. . " 15 16 rates decreased as exposure time increased ' • 
4. METHODOLOGY AND TESTING PROCEDURE 
4.1 Waterwall Tube Preparation 
... 
Abrasive blast tests were conducted at Morgantown 
where the equipment used for the test was the same that is 
used for cleaning of the waterwalls during outages. The 
primary factors 21 go~erning the rate of metal removal by the 
abrasive blast are the length of time and abrasive blast 
grit is allowed.to impinge upon the tube surface, the distan~e 
of the nozzle from the tube, the angle of the nozzle with 
the surface of the tube, the size of the nozzle, the _kind of 
abrasive used, and the air pressure of the blast. The distance 
between the abrasive blast discharge nozzle and the waterwall 
tube surfaces was maintained· between 203 mm and 254 mm. A 
Schmidt Manufacturing number 6 nqzzle was used, with the 
nozzle held normal to the tube surface. Whithead Brothers 
Company Grade 2 b-lasting sand was delivered to the tube 
surface using 724 kPa (gage) pressure plant air. 
The tube samples used for the abrasive blast test were re-
moved from discarded sectio.ns of Morgantown waterwall tube 
panels. The slag coating on the discarded sections had 
previously been removed using a water blast and only the nor-
mally adherent scale was pr~sent on the tube surfaces. 
Samples were approxirrtately.83rnm in length and two tubes wide 
··'as ~llown iIJ Figure 5. The samples were 'longitudinally cut 
in half to expose the inner diameter of the tubes and each 
section was ~tamped with an identification code. In order -to 
position the micrometer measure·ments at the same point through-
out the~e tests thirty locating indentations.were made 10 at. 
/ 
----.......~.-... 
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the tube centerlines and 10 .at angles of approx'imately 30 
d~~rees to the left and 10 to the right of the tube centerline 
.as shown _in Figure 5. To det~rmine~ the amount of metal and 
scale removed, tube thickness measurem~nts were made using a 
pointed micrometer using the location indentations as the 
·reference points. 
Ten samples of two · tubes each were _cleaned by moving 
I 
the abrasive blast stream across the tube using a sweeping. 
motion. The blast times ranged from 5 to 60 seconds. 
Samp~erll was abrasively blasted wi·th the blast stream 
~ 1 I, 
centered on one tube for 60 seconds. Following abrasive 
. 
blasting, all samples were then re-measured and the 
di£ferences in thickness calculated. Three samples were 
then re-blasted using a movin~ stream and a nozzle to tube 
surface distance -Of from- 203 mm to 254 mm. The blast times 
ranged from 35 to 67.5 seconds. After abrasive blasting, 
• 
the samples were re-measured and the differences in thickness 
calculated. 
4.2 Thickness Monitoring Procedure 
Morgantown Unit No. 2 consists of a single tandem 
turbine generator and a pulverized coa-1 fired supercritical 
boiler2 . The unit has a nameplate rating of 575 megawatts 
with throttle conditions of 241 i1P·a (gage) and 538 degrees C 
and reheat to 538 degrees C. The boiler is a Combustion 
. Engineeri!}g Company tangentially fired unit with the vertical 
-~.· 
axes of the waterwall tubes fusion welded to form the furr1ace 
enclosure. The furnabe enclosure is divided into two sections 
by the vertical tubes of the furnace centerwall as illustrated 
in Figure 6. The counter rotating fireballs in each o~ the 
furnace halves assume an elliptical shape which tends to 
concentrate closer to the areas in corner number 2, 4, 5, and 
13, 
.--' ! 
'. 
( 
l 
)·'·' 
I 
7, the ''hot corners,.-'.2 2 as shown in Figure 6. 
The ·selection of critical areas for thickness moni-
toring was based on available tube replacement data for the 
Unit No. 2 boiler. Locations ~elected for thickness • 
monitoring include, six sites in the North furnace and two 
1 
. , 
in the South furnace which are adj acerft· to and above the 
burners in the "hot" and "cold" corners, as shown in Figure 7. 
Each site consists of twenty tubes with ten tubes on either 
side of a furnace observation door, a portion of the tubes 
at one site are shown in Figure 4. Five sites in the North 
furnace, in th-e vicinity of the ''hot corners~· were selected 
as critical areas for monitoring high expected wastage rates. 
A sixth site, site I, in ·the North furnace was selected to 
provide data from an area of low expected wastage. The South 
furnace areas, sites 7 and 8, are located in high and low 
expected wastag.e rate areas, respectively. 
The Sonic Model FTS MK I with a Sonic Model 120 Thick-
ness Adapte·r was sel_ected as the. test instrument for use in 
the thickness monitoring program. The details of the test 
instrument selection are described in Appendix I, Section B: 
Instrument Evaluation. The Krautkramer-Branson Model 
USL-38 and Model USL-48 were determined to be acceptable 
instruments in the event a Sonic Model FTS MK I could not· 
be used and these are referred to as secondary instruments. 
All three instruments display thickness measurements in 
two modes, one a cathode ray tube (CRT) signal, and the 
other a digital ciisplay as sl1own in -Fi<Jure a. 
' 
The calibration of the test instrument is performed I 
outside the boiler q.sing 31. 7·.s mm round di.ameter calibration 
tubes, at two thicknesses that. c·over the range of _thicknesses 
... ->· 
expected for the waterwall tubes, 2.54 mm and 7.65 mm. A 
I 
I • 
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,. 
. detailed calibration.procedure for the Sonic FTS MK I is 
outlined in Appendix· II: U.l trasonic Instrument Calibrati.on. 
-The important features of the calibration include~ standardi-
zation of· the .. instrument gain, the use of round diameter 
,-
calibration tubes, and positioning the 6.35 mm dual-element 
transducer with·the acoustic shield perpendicular to the 
longitudinal axis of the tube23 . The acoustic shield 
acoustically isolates 24 the. receiving transducer from the 
transmitting transducer as shown in Figure 9. 
At each inspection site the operator then re-checks 
the ihstr-ument calibration by measuring the 2. 54 mm thick and 
the 7 .• 6 2 mm thick sections of the round calibration tube. 
If the indicated ultrasonic thicknesses deviate from the 
I • 
original calibration readings by more than 0.05 mm, the 
instrument must be· recalibrated. ~ 
The waterwall inspection is performed as follows: 
(1) The inspector records the pertinent inspection 
information which includes the inspection site number, the 
instrument gain setting, the reference standard set used, 
,. . the test instrument type and test instrument serial number., 
the couplant used, and the start time for the inspection. 
At the end of the inspection the operator records the comple-
tion time. 
(2) ..,. All waterwall tube measurements were taken at an 
elevation at the centerline of the observation door at each 
of the inspection sites. 
edge, ~he operator draws 
tubes to the left of. the 
Using a marking pen and a straight 
a horizontal line across the. 10 
observation door and· the 10 tubes 
'<b to the right of the ,observation door, as shown in Figure 4. 
The distance- from the horizontal line to a fixed reference 
poi.nt associated with the observation door is measured, and 
·, 
15 
'1 \ 
.. 
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•• 
I 
• 
a sketch is made of the position of the· horizontal line and 
the reference point for observation door. During subsequent 
inspections, the operator.makes measurements ·from the 
reference point used for the first inspection to determine 
th~ position of th~ h6rizontal ~easurement line. This keeps 
the thi_ckness measurements within 25 mm of the initial hori-
zontal measurement line. 
(3) Prior to each of the eight inspection runs and· 
following the eighth run (a ru_n consists of ten tub.es to the 
left and ten tubes to the right of the observation door)·, the 
. 
. operator measures the three (3) round calibration tube thick-
nesses of 2.54 mm, 5.08 mm, and· 7.-62 ·mm and ten (10) reference 
tube standards of known thickness (the actual thickness of 
the referenc~ standards are not known by the operator).· 
( 4) The m.easurements of the waterwall tubes to determine 
the minimum thickn~ss begins at the 10th tube to the left of ~ 
... 
the observation door and measurements are made one tube at 
a time moving from this left most tube to the 10th tube to 
.. 
the .right of the observation door.·-
( 5) The determination of the minimum thickness requires 
moving the transducer circumferentially about the tube with 
t·he acoustic shield perpendicular to the longitudinal axis 
of the boiler tube as shown in Figure. 10, until the minimum 
thickness is detect.ed. This is accomplished by positioning 
the first back reflection at its left most position on the 
CRT display and then proceeding to iead the digital display. 
The minimum reading is then recorded and the next tube is- . 
inspected. 
(6) The round calibration tube measurements are used 
to monitor the state of instrument ca·libration. If at any 
:- ,' 
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point during the thickness monitoring. procedure, the ro·und 
calibration tube readings d.eviate from the original calibra-
tion readings by mpre·than 0.05 mm, the instrument must be 
re-calibrated and the previous run must be tepeated • 
.. 
The selection of:· the ·sample size ( 160 measurements per 
~inspection site) was based on the 95 percent probability 
of detecting a given change in waterall tube thickness (delta) 
following a known period of boiler operation time. The 
difference in tube thickness is then c·onverted in.to -a wastage 
'· 
rate using the following equation: 
Wastage Rate 
-in mm,,.yr -
where·: 
52 De.lta 
time 
·:- ·- .. 
. (2) 
. Del ta is the chang·e in tube thickness 
tim~ is the boiler operation period weeks 
·, 
The predicted wastage rates for various changes in tube 
thickness wi-th standard deviations of O. 25 mm, 0 .18 nun, and 
' ,.,, 
0.10 mm at each of 11 different boiler operating time periods 
based~n 80 and 160 measurements per inspection at a parti-cular 
waterwall site are shown in Table 1. Figure 11 shows the re-
lationship between was·tage rate and standard deviation based 
on a 95 percent confidence level for 160 readings for, ea~h of 
two consecutive waterwall inspections at a selected waterwall 
·site. In order for a wastage rate to be detectable, the 
wastage rate and its standard deviation must.be above and 
to the left of the 2000 ho~r test or 1000 hour test lines. 
As an example, a possible wastage rat~ and standard deviation· 
foll.owing a hypothetical 2-000 ·hour test, shown as Point A 
on Figure 11, which i~ above an~~to the left of the 2000 hotir 
.. 
test line would be qetectable. However, the· same wastage 
17 
,,, I 
I 
rate and standard deviation for a 1000 hour test which is 
,below and to the right of the 1000 qour test line would 
not be detectable, as shown in Figure 11. 
_, 
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4.2.1 Statistical Adjusbnent of Data 
Following the completion of the waterwall inspection 
at each site the indicated ultrasonic measurements made on 
the reference tube standards are used to determine the mag.ni-
tude of the syst~matic error _tor the itispection data for 
each individual inspection site. The systematic error .is 
dete~mined by calculating the difference.s between the indica-
ted ultrasonic thicknesses and the tube micrometer measured 
thicknesses of the refer~nce· tube standards. ~A linear regres-
sion model is then used to determine the best fit line that 
describes the re·lationship between the ultrasonic reference 
standard tube thicknesses and the tube micrometer mea.sure-
ments of the ·reference tube standards. The form of the 
relationship generat~d is: 
where: 
TUT= TMIC x MLR + BLR . ( 3) 
~ 
.. 
TUT is the ultrasonic reference standard 
thickness measurement 
TMIC is the tube micrometer reference standard 
thickne~s measurement 
MLR is the slope of the best fit 
line from the least-squares regression 
is the y-inte~cept of the best 
\ 
fit line from the leastrsquAres regression , 
The line described by equation 3 is used as a linear 
correction line 25 , from which a determination of adjusted 
boiler tube thicknesses are made, as follo.ws: 
'• 
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where: 
I 
• • 
(4} 
. ,
·> . ·:' n..' .... 
TWW is a waterwall indicated u-ltrasonic 
·- /. 
thickness measur·ement 
. . 
is an adjusted thickness measurement 
for a waterwall tube based on the 
-regression line 
The average change in tube thicknesses (delta) we·re 
then calculated by subtracting t~e adjusted average thick-
nesses for each· of the two consecutive inspections at each 
waterwall site inspected. 
4.2.2 Calculating the 95 Percent Cortfidence Limits. 
The 9.5 percent confidence limits for the average 
changes in tube thickness at each of the eight inspection 
. 
sites are calculated as follows: 
(1) The standard deviation due. to random error for 
. . 
each set of adjusted thickn~ss measurements for each of the 
two consecutive waterwall inspections at each site were 
d t . d . 1 . f . 2 6 ' 2 7 ( OVA) e ermine using an ana ys1s o variance AN . 
-2 (2) A pooled estimate of the variance (Sp) based 
the variance due to random error (determined by squaring 
.. ,_ ... 
standard deviation·due to random error) for each set of 
adjusted thickness measurements wa·s determined from: 
2 s. p 
,, 
1 
-
- -20 
.20 2 2 
E (.5 li_ + 82i 
. . ) (5) 
2 
i=20 
20 
on· 
the· 
r 
where: 
sp 2 is the pooled variance 
2 s1i is the variance due to random. error 
of inspection l 
. 2· 
s2i is the variance due to random error 
' 
of inspection 2 
( 3) ·The 9 5 percent confi'de'nce limits for the change.s in 
waterwall tube thickness are then determined as follows: 
where: 
... 
-
± 12 · Confidence Limits = ·Delta 1160 1.96 SP (6) 
Delta 
s p 
is the average change in waterwall 
thickness between the two inspections 
is the standard deviation due to random 
, 
e.rror 
The annualized wastage rates at each of the eight 
waterwall, si te·s were determined using the actual Jailer 
operating hours for th~ time period between the two consecu-
tive inspections· as shown in equation 7. 
whel}e: 
wastage Rate 
. 
= Delta 8760 
·time (7) 
Wastage rate is the annualized average change 
in tube thicknes.s , mm/yr 
Delta is the average change in wate:r:wall 
, 
thickness between two inspections 
" 
\ • • ' I 
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time 
8760 
I 
is the actual n.umber of hours of furnace 
operation between two inspecti.ons 
is the number of hours in one year 
' 
"> 
The actual furnace .operating hours calculated from the Onit 
No~ ·2 .Monthly Qperation Logs do not include the hours when 
' 
the unit.was off-line due to forced outages which occurred 
between the two consecutive inspection periods • 
I 
; 
4. 2. 3_ Recovered Wat·erwall Tube Measurements 
. • . 4! • 
A determination of the accuracy of the linear cor·rection 
procedure was performed by removing panels containing the. 
waterwall tubes inspected during a unit d't~tage. The ultra- · 
sonically measured thicknesses (both unadjusted and adjusted) 
made at th~ horizontal measurement lirie were then ·compared 
to tul::>e micrometer m~asurements perforpied .. in the laboratory 
"'·· 
at the horizontal measurement line. 
;· 
In order to measure the tube wall thickness using a 
micrometer, 25 mm long sections were removed from the re-
covered panels which contained the ultrasonically inspected 
tube surfaces. Micrometer thicknesses were then made at 
the original horizontal measurement line ( located on th·e 
25 mm long sections of tubing) and 19 mm above and 19 mm 
. 
below the measurernerit line on the tubes above and below 
the removed s·ections of· tubing • The differences betwee·n 
the unadjusted ultrasonic thicknesses for the original hori-
zontal :measurement line and the m'lcrometer measured thick-. 
nesses at the measurement line were calcul~ted by subtra~ting 
the tube micrometer measurements from the ultrason·ic measure-
. . . . . 
men ts. Thes-e dif'f erences represent a laboratory estimate of. 
. . ' . ' .~ 
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.. 
the systematic measurement error for the recovered tubes 
inspected during the unit outage. 
The laboratory estimates of systematic error for the . 
recovered tube sections were then compared to the predicted 
systematic errors which were determined using the reference 
standard tube measurements performed dur~ng inspections at 
the sites frorrt which the tubes were removed. This compari-
son allows a determination of the accuracy of the correction 
.procedu~e previously described in Section 4.2: Thickness 
Monitoring Procedure. 
In addition, the differences between. the adjusted ultra-
sonic thicknesses and the tube micrometer measurements per-formed at the pos·i tions 1·9 rtun above a.nd 19 mm below the 
' 
measurement line were calculated in order to determine the 
accuracy of the linear correction technique due to minor 
changes in the vertical e~evation about the horizont~l i'. 
measurement line • 
• 
4.3 Waterwall Wastage Probes 
Two air cooled waterwall wastage probes were installed in the Unit No.· 2 furance at inspection site number 2 and 
at site number 5, at the 31.7 meter and 35.2 meter elevations 
of the North furnace respectively. Inspection site number 1 
at the 25. 6 meter elevation was· also outfitted to accommodate the wastage probes bu.t was not used. The probes, designed 
and manufactured by Combustion Engineering :Company were 
positioned ·in the pre-existing furnace observ~tion doors at 
sites 2 ,and 5 as ·illustrated in the rnockup shown in Figure 12. 
Installation and removal of the probes can be performed without ihterrupting furnace operations. 
Each probe contained three thennocouples. A cross-
sectional view of the waterwall probe illustrat·ing the 
. .... ' ,,. ~-
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position of the thermocouples is shown in Figure 13. The 
center thermocouple supplies a signal to a controller 
... 
which regulates the probe temperature by increasing or de-
creasing the air flow through the test coupons. The set 
point of the temperature con.troller is 413 degrees C ±11 
degrees C. This temperature range was determined by the 
boiler manufacturer Combusti6n Engineer~ng as representative 
temperatures for the waterwalls of the Unit No. 2 boiler. 
At temperatures above set point plus 11 degrees C additional 
air is passed through the test coupon to reduce the tempera-
ture to set point. For temperatures below set point minus 
11 degrees C .air flow to the coupons is shut off in order 
to allow the temperature to reach the set pbint. The control 
thermocouple is connected to a Leeds and Northrup strip 
chart recorder. 
In addition, the control thermocouple was hardwired 
i"' 
into the Morgantown Unit N-o. 2 control room. If ,the 
probe temperature exceeds 4··6 8 degrees C, an audible alarm ) . 
is actuated and an operator is sent to inv~stigate the cause. 
If the reason for the alarm cannot be determined, the 
probe would be removed from the unit to prevent damage to 
it due to a _possible h-igh temperature condition. The other 
two thermocouples have no control function but were used 
. to determine the temperature distribution across the test 
coupons. During the initial installation ,and operation of 
~he waterwal'l probes performe.d to adjust the probe tempera-
ture control circuitry, the probes at the 35.2 meter eleva-
tion were observ.ed to exceed the high ternp·erature alarm 
. 
set point .(468 degrees C) before the probe was properly 
positioned ( flush mounted) in· the waterwall, · as. illu:stra:t:ed 
in Figure 4.~ The probes_·used at the 35.2 meter elevation 
--
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were then redesigned by Combustion Engineering Company by 
increasing the air piping diameter from 19.00 mm to 25.40 mm. 
In addition, at the 3.1. 7 meter and 35 •. 2 meter elevations, the 
temperatures from the two non-control function thermocouples 
' 
were observed to be lower than 413 degrees Cat the cooling 
air inlet to the probe and higher than 413 degrees Cat the 
cooling air exit of the probe. Although attempts to correct 
this situation were made, the temperature imbalance could 
not be corrected. 
Two types of probes were used: at the 31.7 meter 
elevation the probes contained five test coupons and had 
1.9.00 mm inlet and exit air piping and at the 35.2 meter ele-
vation the probes contained four test coupons and had 25.40 
mm inlet and exit air piping. Combusti.oh Engineering Company 
found it was necessary to increase the cooling air flow through 
piping for th.e probe·s used at the 35. 2 meter elevation by 
~pproximately 50 peicent in order to maintain the probe con-
trol temperatures ~ithin the temperature ranges described before. 
.. - - .· . 
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The test coupons are made of ASME SA213 Tll type steel 
• 
(1.25 wt % chr·omium - 0.5 wt % molybdenum), ASME s·A213 T22 
type ste-e128 (2. 25 wt % chrorni um - 1. 0 wt % moly·bdenum) , · and 
ASME SA210 a low carbon steef8 (O. 27 wt % carbon maximum) . 
Initial weights and wall thicknesses for each coupon on the 
probes were measured by Combustion Engineering. Wastage 
rates were caiculated .using the weigh·t loss of the tube 
coupon in the following manner29 : 
where: 
(f • , I 
mm/yr.= 25.40 W 
D A T 
mm/yr is the wastage rate in mm/yr 
25 
(8} 
,_ 
w 
D 
A 
T 
is the weight change of the test coupon in gm 
is the density of th.e coupon material, 
. . 3 
7.83g~/cm 
2 is half the surface area of the coupon in mm 
(the are~ exposed to f~re-side of the boiler) 
is the time of exposure in hours 
25.40 is a unit conversion factor 
( 
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·5. RESULTS AND DISCUSSION 
5.1 Waterwall Tube Preparation 
A summary of the abrasive bl.ast results is pres·ented 
in Table 2. The 10 Tube Abrasive Blast Results show the 
amount of metal and scale ·removed from the tube surfaces 
while using a moving blast. Only in instances of estimated 
,• 
heavy scale surface conditions, were thickness changes 
greater than 0.05 mm observed. It was also noted that 
after 10 to 15 seconds of abrasive blasting a scale coated 
tube the bare metal surface of the tube (white metal) was 
exposed. 
The three Tube Reblast Results, Table 2, show that the 
maximum amount of metal loss from a bare· metal tube surface 
after a 67 •. 5 second moving stream blast is less than,· O. 05 mm, 
which w.as found to occur at the tube centerline (the crown of 
the tube). While at positions approximately 30 degrees left 
,<) 
·a or right of the centerline, the maximum metal loss observed · 
was 0.04 nun. 
The res~lts of the three Tube Reblast Tests performed· 
on bare metal tube surfaces were used in a least-squares power 
curve regression model to determine the relationship between 
metal loss and abrasive blast time for th'e tube posi·tions 
measured, as shown in equations 9 and 10. 
Center\ine Tube Position 
ML= 2.0 x 10-4 (t) 1 • 28 
Off Centerline Tube Position 
ML= 4.57 x 10-G (t) 2 ~lJ 
27 
(9) 
( 10) 
l .• '-;, I 
.,,. 
where: 
( 
,., 
.. 
ML is the amount of metal loss in mm 
t is the time of the sandblast in seconds 
r is the correlation coefficient for the 
.. 
~ewer curve regression 
A comparison of the micrometer neasured changes in 
fl 
tube thickness 0 and regression model predicted changes in 
tube thickriess are presented in Table 3. The correlation 
'•,·u ~ •••. 
coefficients for the predicted changes in tube thickness 
usihg the power curve regressions shown as equati.ons 9 and 
1owere 0.97 and 0.92, respectively. These equations are 
' 
applicable only for·a moving blast using an abrasive blast 
nozzle to tube surface distance of between 203 mm and 25·4 mm 
using 724" kPa plant air pressure, a Schmidt Manufacturin·g 
number 6 nozzle and Whithe9,d B~others Company Grade.2 
<.> 
abrasive blasting sand. The particle size for the Grade 2 
sand is shown in Table 4. 
For a moving blas~ of 60 second duration,the expected 
metal loss from the t-ube centerline and off-centerline 
positions as determined using ~Equations 9 and 10 are 0.04 mm 
and ·o.03 mm, respectively. However, the results of the 1 
Tube Stationary Blast show a minimum metal loss of 0.15 mm 
had occurred as a result of continuous abrasive blasting on 
one tube for 60 seconds which showed that stationary abrasive· 
blasting removed as much as 5 times the amount of metal as the 
moving blast method. This suggests that abrasive blast 
cleaning can result in excessive me-tal loss if the abrasive 
blast stream impinges on. tube surfaces for more than 60 
seconds without moving. ~ 
'i 
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At Mo!gantown the tube surfaces are prepared for 
ultrasonic inspection usi~g a moving stream abrasive blast, 
I>' the results from the abrasive blast test can be used to 
estimate a maximum expected metal loss if the nozzle to tube 
surface distance and other ab-rasi-ve blast test conditions 
previously described are used as guidelines for wat~rwall 
tube preparation. 
·A·n abrasive blast procedure has been implemented into 
the thickness monitoring program at Morgantown based on the 
,. results of these tests. The procedure sets the nozzle to · 
surface d·istance between 203 mm and 254 mm with t.he nozzle held normal to the tube surface. The abg:"asive material use¢! is Whitehead Brothers Company Grade 2 abrasive blasting 
sand. The use of a moving blast, supplied by 724 kPa (gage) pressure plant air, a,nd an abrasive blast time between 15 to 20 seconds are specified. The metal loss using this procedure is expected to be less than O. 02 mm du.ring 
abrasive blast cleaning of the waterwall tubes. Since this 
same amount of metal loss is expected to occur at each of 
the eight waterwall inspection sites, as a result of abrasiv~ ~ blast .cleaning, the accuracy of the wastage rate calculations 
should not be effected. The procedure was used during the 
cleaning of the waterwall tubes prior to each series of ultra-
sonic thickness measurements· taken in Septemb_er and November 
of 1984 and in March of 1985. 
" 
5.2 Thickness Measurements 
Three serie.s of measurements were made: (-1) September 
of 1~84, (2) November of 1984, and ,:(3) March of 1985. Because 
of the costs associated with the unit outages the thickness 
measurements were performed in.parallel with any nece~sary 
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work required to bring the unit back on line. However, the 
double furnace design of the Morgantown Unit No. 2 boiler 
allowed the ultrasonic inspection of areas in one half of 
the furnace while vital repairs were being performed on the 
other side. 
Between the first and second inspections, _the Unit 
No. 2 boiier was operated at normal levels of excess air 
., 
(3.0 ±o.4 percent o2 by wet analysis}. During the time 
between the second and third inspections the boiler was 
+ . operated at low levels of o2 (2.0 -0.4 percent o2 by wet 
analysis). The. actual furnace operating time betweeh the 
.. two periods .were 1790 hours and 1a·7a hours, respectively. 
The. actual furnace operating hours include·only the hours 
the Unit Nb. 2 boiler was on-line and does not include any 
.. 
time.the unit was shutdown due to forced outages during 
the course of the test. 
5.2.1 Statistical Adjustments of Data 
All data for the tl1.ree inspections performed at the 
eight waterwall si.tes on the Unit No. 2 boiler is shown 
in Appendix III: Inspection Data. These data are al.so 
-· 
.• 
available on computer tape. The systematic errors., regression 
constants, and correlation coefficients determined using 
Equation 3 for the waterwall inspections performed before 
and after boiler op.eration at normal and low o2 firing condi-
tions -are presented in Table 5. The values of the pooled 
standard deviation used in Equation 5 to determine the 95 
percent confidence limits for the normal and low o2 firing 
condition for each inspection location are presented in 
Table 6. Based on these values of the pooled standard devia-
tion the estimated accuracy (using equation 6) for the eight 
sites ranged from 0.01 mm to 0.02 nun for the measurements 
• 
\ 
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performed for boiler operations at normal o2 and from 0.01 
mm to 0.02 nun for the low o2 period as shown in Table 7, 
which compared to the estimated accuracy based on one measure~ 
rnent for each tube inspected (using the unadjusted measurements 
.__..J .• . 
from the first inspection run during each of the two consecu-
. 
tive inspections at each site) is a substantial increase. 
Statistical adjustements to reduce the magnitude of 
the systematic errors presented in Table 5 for each of the 
24 sets of inspection measurements were performed using the 
• 
correction procedure previously described in Section 4.2: 
Thickness Monitoring Procedure as explained in the following 
paragraphs where the procedure is applied to the data from 
Site 2. 
At site 2 the change in tube thickness based on the 
,,. 
differences between the unadjusted ultrasonic thickness 
measurements performed during the November and September 
•
1 waterwall inspections result~d in an average increase in 
tube thickness of 0.10 nun, w_hich is an annualized growth 
rate of O. 51 mm/yr, as shown i-n Table 8. The increase in 
tube thickness at site 2 is a result of the ·systematic 
measure~ent errots observed in each· set of unadjusted 
u .. l trasonic thickness rneasu·rements performed during the two 
consecutive waterwall .. ins.pec.tions before and after normal 
o2 boiler operations. 
The magnitude and direction qf the systematic errors 
were determined by subtracting the reference tube micrometer 
measurements from the reference tube ultra$onic- thickness 
measurements taken during each of the two consecutive inspec-
tions at site 2. As a result the systematic errors were 
determined to be O •. 30 mm for the September measurements and 
0. 0.2 mm for the November inspecti_on, as shown in Table 5 • 
Once the systematic error· was determ.ined, th·e next ste.p 
in reducing -~his error involved a determination of the best 
fit linear line that describes the relationship between the 
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reference ·tube micrometer measurements anel tl1e reference • 
tube ultrasonic measurements. This was accomplished using 
a least-squares linear regression .model for each set of 
160 tube thickness measurements taken by each operator 
during each of the two consecutive inspections at each water-
wall inspection site for boi.ler operations at .normal o2 . The results of the regression analysis for each of the tw6 
operators thickness measurements at site 2 (given in Table 
' 
. 5) are shown as equations 11 and 12 below: 
where: 
where: 
November 1984 Inspection, Site 2, Operator A 
TUT= 0.96 (TMIC) - 0.21 ( 11) 
are the ultrasonic reference standard 
thicknesses measurements for each of 
the two inspections 
.. 
are the tube micrometer thickness 
measurements of the reference standards 
September 1984 Inspection, Site 2, Operator B 
(12) 
0.96 and 0.98 are the slopes of the best fit lines 
from the least-squares regressions for each 
of the two inspections. 
-0.21 and 0.18 are they-intercepts of the best 
fit ·regression _lines 
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The correlation·coefficients :ror·equations·ll and 12 were 
r 0.99 as shown in Table 5. Equations 11 and 12 were then 
used as linear correction lines in order to reduce the 
observed systematic errors and allow a determination of· the • 
adjusted waterwall tube thicknesses. The linear correction .( 
equations for site 2 were: 
where: 
November 1984 Calibration Curve, Site 2, o·perator A· 
.TWW i- 0 .• 21 
TAD= 0.96 { 13) 
,,. 
September 1984 Calibration Curve., Site 2, Operator B 
~WW - .0.18 
TAD. = 0. 9 8 ( 14) 
TAD are the adjusted thickness measurements for 
the waterwall tubes for each of the two 
inspections 
TWW are the indicated {unadjusted) ultra-sonic 
waterwall thickness measurements 
The differences between the adjus·ted thicknesses for 
the November and September inspection·s were then calculated.· The resultant average adjusted differences in waterwall 
thickness for site i indicated an average decrease in tube 
thickness of O .17 mm as shown in Table 8. The· wastage rate · for the adjusted differences was determined to be 0.84 mm/yr. The 95 percent confidence limits for the November and Septem-ber inspections were 0.16 mm to 0.19 mm for the average 
·~ 
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change in tube thickness and Q .• 78 mm/yr to O. 91 mm/yr~· for 
the wastage rate, as shown in.Tables 9 and 10 respectively • 
• 
Site 2 is located in a hot corner of.the Unit No. 2 
North furnace at the 31.7 meter elevation. According.to 
available tube replacement data this area of the boiler 
had been determined to experience high wastage rates. The 
adjusted wastage rate for site 2 was found to be in agreement 
with the general wastage trend as determined from available 
tube replacement data, which were based on furnace operations 
at normal levels of o2 . 
-
Had the thickness measurements been performed using on·ly 
one measurement per tube for each of the 20 tubes inspected 
with no adjustment for syst.ematic errors being made, the 
difference in tube thickness (using the unadjusted measure-
ments from the first inspection run during each of the two 
consecutive inspections at site 2.) a difference in average 
~ 
t' 
tube thickness of 0.08 mm would result. Using a student 
·t-test, this difference f O .08 mm) in thi-ckness was not 
statistically significant at the 95 percent confidence level. 
··•> 
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5.2.2 Normal Oxygen Level Thickness Results 
The average differences in waterwall tube thickness 
for the 1790 hours of·boiler operation at normal levels of 
o2 as determined by subtracting the adjusted waterwall thick-
nesses for the.September 1984 inspection from ·the adjusted 
waterwall thicknesses for the November 1984 inspection and 
the corresponding annualized wastage rates for each of the 
eight sites inspe~ted pr~sented in Table 8 are shown in 
' Figure 14. The 95 percent confidence limits for the 
differences in tube thicknei~ and the.annualized wastage 
rates are presented in Tables 9 and 10, respectively. 
The minimum detectable dif ferenc.e in waterwall thick-
ness significant at the 95 percent conf·idence level, 0.02 mm, 
was found to ·occu~ at site 6, which is located in a "hot.,, 
corner"' at the 35·. 2 meter elevation in the West wall of the 
Unit No. 2 furnace, 7 met~rs to the left of corner 1, as 
~-
. ~ 
shown in Table 9. The wastage rate based on the site 6 
average difference was 0.11 mm/yr as shown in Table 10. 
The area of greatest wastage as shown in Table 10 
was found to occur at site 4, which is located i.n the North 
furnace at the 35.2 meter elevation as shown in Figure 14. 
The two sites at the 31.7 meter elevation in the hot corners 
of the North and South Furnace, sites 2 and 7, were found 
to experience wastage rates lower than the maximum observed 
rate at site 4 as shown in Table 10. All three sites 2, 4 
and 7 are in areas where the elongated shape of the counter 
rotating-fireballs are thought. to approach and even impinge 
on the waterwall tubes. 
Although site 3, located in a "hot corner" of the 
North furnace, did experience a wastage rate significant at 
I ~·I 35 
the 95 percent conficence level, it was at a rate below those 
at the hot corners of doors 2 and 7, as shown.in Table 10. 
-
A possible explanation for the wastage rate at site 3 is the 
flame zone position, which if related to some mechanism of-
metal loss was such that it did not adversely affect site 3 ·, · ···. 
but instead interacted more strongly at site 2, as illustra-
ted in Figure 15. 
' 
In the South furnace at site 8, which is in a "cold 
corner" at the 31.7 meter elevation, both the average change 
in tube thickness and the wastage rate were not significant 
at the 95 percent confidence level as shown in Tables 9 and 
10. These results may be typical of the expected behavior 
at a cold corner. However, site 5 located in a llhot cor·ner'' 
of the 35.2 meter elevat~dn in the North furnace experienced 
no significant wastage as compared to the adjacent llhot 
corner" inspection site (site 6), which was found to experience 
a wastage rate significant at the 95 percent conficence limit 
as shown in Table 10. The wastage rate at door 5 is not 
bel.ieved to be ·typical for a hot corner, which suggests that 
the flame position may have be~n bi.ased toward site 6 and not 
site 5. 
Site 1 which is located at the 25.6 meter elevation in 
the North furnace midway between corners 1 and 2 within the 
burner zone was selected for inspection in order to mbnitor· 
an area within the furrtace of low expected wastage rate bas~d 
on available tube replace~e-nt data. The wastage rate for 
site 1 shown in Table 10 may be considered to be a low ~astage 
rate in. terms of the unit average wastage rate discussed in . 
the next parag~aph. 
The Unit No. 2 average wastage rate based on the six 
' 
wa.~1tage rates significant at the 9 5 percent confidence level 
.. 
' 
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was 0.47 mm/yr with a range of 0.11 to 0.98 mm/yr. Both · 
.. t~e average wastage rate and the_range can be used as 
qualitative tools for comparing t e effect of normal and low 
o2 6n the Unit .No. 2 wastage rate • Use of bhe range appears 
necessary in comparing the overali\pnit No. 2 average 
wastage rate since the unit average wastage rhte tends to 
mask the highly localized wastage rates found to occur at the 
I 
various waterwall sites inspected. The average wastage rate 
determined for the North furnace (based on the five wastage 
rates significant at the 95 percent confidence level) was 
0.46 mm/yr, while the South furnace averag~ rate (based on 
the one, wastage rate signific~rit 1 at the 95 percent confidence 
level) was 0.50 mm/yr, which suggest that normal o2 firing 
conditions resulted in no difference between wastage rates 
in either half of the Unit No. 2 boiler at the sites inspected. 
The Unit No. 2 average wastage rate based on the 
results of the unadjusted,thickness measurements, 0.60 mm/yr, 
is 1~3 times higher than the adjusted average wastage rate. 
This average unadjusted rate does not include the rates at 
sites 2 and 8 since these unadjusted rates show increased 
tube .. ·thicknesses and would most likely be repeated during 
the course of a conve.ntional waterwall inspection . 
. 
5.2.3 Low ·Oxygen Level Thickness Changes 
,The average differences in waterwall tube thickness 
for the boiler operations at low levels of o2 as determined 
by subtracting the adjusted· thicknesses for the November 
1984 inspection from the adjusted thicknesses for the March 
i985 inspe·ction and the correspon·ding annua·lized wastage 
rates are presented in Table 11. The wastage rates for each 
. 
of the eight inspection sites are sho~n in Figure 16. The 
95 percent confidence limits for _the differences in tube 
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thickness and the annualized wastage rates are presented in 
Tables 12 and 13. All changes in thickness and their resultant 
annualized wastagei"rates were found to be significant at 
. 
the 95 percent confidence level. 
The minimum detectable differences in waterwall 
thickness; 0.02 mm, were found to occur at the 25.6 meter 
and 31.7 meter elevations in the North furnace at inspection 
sites 1 and 2 as shown in Table 12. The annualized wastage 
rates at both of these two sites were d·etermined to be O. 09 
mm/yr, which is less than the wastage rates observed during· 
the normal o2 test per0iod for these same two sites shown i
n 
Table 14, suggest that the flame zone moved away from these 
sites. 
Furthermore, during low o2 of boiler operation, the 
area of greatest wastage was found to occur at site 3, 
which is located in the North furnace at the 31.7 meter el~-
vation in the· East wall at- a "hot corner" as shown in Figure 
16. Compared to the normal o2l operatio~s the wastage patter'r1s 
at site 2 and 3 for the low o2 operations showed a complete 
reversal such that site 3 expe·rienced ·an increase in tube 
metal loss while site 2 exp~rienced a reduction in tube 
metal loss as shown in Table 14. The variation in wastage 
rates at sites 2 and 3 for the two different o2 firing con-
ditions sugges-t that reductions in the level of o2 -may have 
altered the size and shape of· the flame zone. 
The two inspection sites in the South furnace, sites 
7 and 8, each exper·ienced wastage rates significant at the 
95 percent level as shown in Tables 13 and 14. However, 
the increase in the wastage rate at site 8 during low o2 -
operations compared to the wastage rate at site B during 
normal o2 operations represents a change in the wastag
e rates 
« 
I 
... 
, • I 
that does not fo.llow the expected behavior for a "cold 
corner''-· This increase in the wastage rate at site 8 may 
have occurred if the size and shape of the flame zone 
increased due to low o2 boile~roperation. 
At the 35.2.meter elevation, site 4 was found to 
experience an annualized wastage rate that was 2.7 times 
lower compared to the wastage rate determined for this same 
site during normal o2 firing conditions, as shown in Table 
14. However, in the "hot corner" areas of the West wall at 
the 35.2 meter elevation at sites 5 and 6 the wastage rates 
shown in Table 14 were found to be high-er than t·hose deter-
mined during normal o2 furnace operations. These changes in 
wastage rate suggest a $hift in the flame zone may have 
occurred. 
The Unit No. 2 average wastage rate based on the 
differences between adjusted tube thicknesses at all eight 
inspection sites was- 0. 35? _mm/yr. The range of the wastage 
rates observed during low o2 boiler operation was found to be 
0.09 to 0.71 mm/yr. This range is 0.25 mm/yr lower than the 
range determined for during normal o2 boiler operations, which 
suggests that low o2 operating conditions may produce a 
less erratic waterwall tube metal loss across the boiler. 
Considering the individual furnace halves,/the North furnace 
average wastage rate (based on six inspection sites) was 0.33 
I1¥[l/yr and the So~th furnace averag.e rate (based on two 
inspection sites) was determined to be 0.41 mm/yr, which 
suggests that ·1ow o2 firiJ?-g conditions may not adversely 
effect wastage rates in either Unit No. 2 furnace half. 
The average wa~tage rate based on the results of the 
unadjusted differences in tube thickn·ess were O. 51 mm/yr, 
which is 1.4 times. higher: than ~ha average wastage rate 
39 
,. 
0 
l 
based on the adjustetl thickness measurements. This average 
wastage rate does not include the results for site 1, which 
.. . was found to experience an increase in tube thi.ckness during 
the period of low o2 boiler ope,r_ation, as shown in Table 1/1. 
The differences between the adjusted furnace average 
wastage rates for n.ormal o2 and low o2 firing conditions, 
were not statistically significant at the 95 percent confi-
d 1 1 d I I h d · 25 ence eve as eterm1ned by using t e stu ent t-test • 
It may be concluded that since no significant difference in 
waterwall wastage rate· were found 0 to occur during low o2 boiler operation for the Unit No. 2 boiler and because the 
'wastage rates that were observed were less erratic compared 
to normal o2 .operation (based on the observed ranges) it may 
be advantag~ous to operate at low o2 . 
However, d?ring both normal o2 and low o2 firing 
~ conditions there were localized areas that were shown to 
Sxperience significant variations in ~astage rates· above 
the unit av~rage wastage rates, as shown in Table 14, which 
suggests that alternate use of low o2 and normal o2 firing 
conditions may be used to. equalize the wastage patterns 
across the eight sites inspected. This periodic variation 
in o2 level may be beneficial especially since specific areas 
of the boiler where known to experience a higher frequency 
of tube failur~s than other less troublesome areas .. There-
fore, in order to determine if the observed wastage patterns 
based on these limited wastage rate calculations are indeed 
. 
characteristic of unit operations at normal and low o2 levels, 
replicate periods of. operation at both o2 levels should be 
performed •. 
5.2.4 Recovered Waterwall Tube Me-asurements 
A total of 45 waterwall tubes were recovered from the 
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Unit No. 2 North and South furnace during the March 1985 
extended outage .. The number of tubes recovered and the inspec-
tion sites from which they· were removed are shown in Table 15. 
The results of a chemical analysis performed on samples removed 
'krom eight recovered waterwall tubes, presented in Table 16, 
showed that the tubes recovered from Sites 4, 5 and 7, were 
h . I b . ( 28) Th low c rom1um, poss1 ly ASME SA213 T-11 type steel. e 
tubes ·recovered from site 3, based on the chromium content 
28 shown in Table 16, may be ASME SA213 T~22 type steel .. 
The compa;ison of the wastage rates for normal o2 and low o2 
shown in Table 14 and the results of the chemical analysis of 
' 
the tubes recovered from sites 3, 4, 5 and 7 suggest that 
wastage rates at these sites are not directly related to the 
boiler tube material a·nd may instead be dependent on the 
size and shape of the flame zone. 
The average differences between the ultrasonic 
<:.. 
... 
thicknesses (unadjusted an-d adjusted) and the tube micrometer 
measurements pe.rformed in the laboratory at the three horizon-
tal elevations on the tube recovered from the Unit No. 2 boiler 
are presented in Table 15. The average differences between 
the adjusted ultrasonic thicknesses and the tube micrometer 
measurements at the March 1985 measurement line for the tubes 
removed from each of the four sites were found to be within 
the standard deviation due to random error for the March 1985 
inspections at these four sites as shown in Table 17~ These 
results showed that the use of the linear correction procedure 
• 
was accurate in the prediction and subsequent reduction· of 
the systematic errors for the _ultrasonic measurements per-
formed at the March 1985 measurement line at these four 
. 
inspection sites. In addition, the grand average adjusted 
difference (the grand average is an average of all the 
differences in thickness for all three horizontal positions) 
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. for the recovered .tubes frbm site 3, 5 and 7 were found to be 
,within the standard devia.tion due to rando~ ·error for the in-
spections performed duri~g the March 1985 outage, as shown 
iri Table 17. Thi·s indicates that on aver~ge minor variations 
in the horizontal elevation about the measurement line do not 
~ 
adversely affect the correction procedure. Individually, 
the average differences between the adjusted ultrasonic 
thicknesses and the tube micrometer measurements for the 
measurements performed at the positions 19 mm above the measure-
ment line for the tubesrecovered from sites 3 and 7 and at the 
position 19 mm below the measurement line for the tubes 
recovered from sites3,5,and'7 were within the standard devia-
tions due to random error for the March 198.5 ins_pections. 
These results su9gest that the accuracy of the correction 
procedure at these positions were not adversely affected by 
minor chan.ges in vertical~ elevation about the original 
ho·rizontal March 1985 measurement line. 
However, at site 4 the ave~age difference between 
the adjusted ultrasonic thicknesses and the tube micrometer 
measurements performed on the recovered tubes at the 
positions 19 rnm above and 19 nun below the measurement line 
were between 0~01 mm and 0.03 mm higher than the observed 
standard deviation due to random error for the March 1985 
. " 
measurement line. Although the micrometer measurements per-
.formed at the positions 19 mm above and 19 mm below the March 
1985 measurement.line were mad~ in order to determine the 
_accuracy of the correction procedure due to minor changes in 
vertical elevation about the measurement line, at site 4 the 
cause for this disparity betw~en adjusted ultrasonic tube 
thicknesses and tube micrometer measurements is probably due 
to the surface conditions of the tubes at site 4. The 
recovered, tubes were obs·erv~d to have highly rough and irregular 
surfaces as shown in Fig.ure lb compared to the tubes removed 
42 
from site 3 and 7 (some of the tubes from site 3 are shown 
in Figure le). These irregular surfaces limited the 0 
placement of the transducer on the tubes outer diameter to 
specific areas where an adequate back reflection on the CRT 
scre.~n were achieved which was necessary to trigger the 
digital thickness display. Although the cause or causes 
of this surface condition were noE investigated, it was noted 
that the tubes recovered from site 4 ranged in thickness from 
2. 79 mm to 3. 51 nun (as measured_ using a tube micrometer) at 
the minimum thickness positions which represent reductions 
of 55 percent and 42 percent from the original thickness 
(nominally 6.05 mm) which suggests these surface conditions 
may resu·lt from severe tube thinning experienced at the site 
4 inspection location. 
At site 5, for the position 19 mm above the March 
measurement line the average differences between the 
adjusted ultrasonic measurements and the tube micrometer 
rneasuremen ts we re O . 0 2 mm greater than the O • 0 3 mm s tanda.rd 
deviation due to random error for the-March inspection measure-
ments. This observed behavior in the average difference 
may have reS'ulted from the wirebrush cleaning whi·ch was 
necessary to remove an oxide layer that developed·on the 
previously abrasive blast cleaned surfaces at the site 5 
due to exposure to the weather prior to their being recovered. 
As shown by Natanson15 w·irebrushing a clean tube surface can 
remove between O. 01 mm and O. 04 mm of metal. Since all the- tubes 
recovered from site 5 had a uniform oxide layer on_their 
surfaces,the micrometer me~surernents performed following wire-
brush cleaning·· are believed to be thinner by the amount of 
oxide layer removed· which resulted in the overall positive 
differences between the adj uste·d ultrasonic thicknesses · and 
the tube micrometer being observed for the three positions 
measured using the tube micrometer. 
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5.3 Waterwall Wastage Probes 
,.\ 
The wast~ge probes at th~ ·31.7-metei and the 35.2 meter 
elevations wereAremoved from the Unit No. 2 boiler after 
being exposed to 417 hours of operation at low o2 operation. 
The exposed probe coupons were sent to Combustion Engineering 
where they were cleaned, re-weighed, and the wall thickness 
remeasured. The wastage rates for each test coupon based on 
their weight loss are presented in Table 18. 
The exposure time is less than the 1000 hours suggested 
by the probe manufacturer, due to modifications ·performed on 
the wastage probes temperature control circuitry and the p~obe.s 
themselves, which were ~equired to: (l)· maintain test coupon 
temperature as measur-ed by the control thermocouple within 
the prescribed range and. (2) admit enough cooling air flow 
through the probes at the 35.2 meter elevation in order to 
maintain the temperature in the prescribed control range. 
The average wastage rate for the T-11 and T-22 coupons 
at the 3·1.7 meter elevation was 0.35 mm/yr. This rate is 
approximately 4 times higher tha·n the rate determined by ' 
ultrasonic inspection at the same elevation and inspection 
site. However, based on the results of other investi-
lS,lG h' b h . b d f L gators t is e avior can e expecte· o:r exposure 
times less than 45.0 hours. The general trends described in 
these previous works with wastage probes showed that the 
wastage rate de~reased as the exposure· time increased. 
At the 35.2 meter elevation the T-11 and T-22 coupons 
average wastage rate was 0.22 mm/yr, which is below the 95 
.percent confidence limits for the wastage rates determined 
for. site 5 ( shown in Table 13) based on the differences in 
tube thickness determined ultrasonically. From the w~stage 
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t t ·· a f t b d · b -a · · t d · 15 , 16 ra e · ren s or was age-pro es escri e 1n previous s u 1es 
it may be expected that an .even· lowe.r wast~.ge rate· ·may have 
been observed had more than 417 hours of furnace exposure 
occurred. 
The thickness measurements obtained by micrometer, 
before and after exposure- of each test coupon revealed only 
minima~ wall losses, as shown in Table 19. The average wall 
. loss was less than 0.03 mm at any of the eight locations ..... 
measured on the test coupons. In no case did the average 
change in thickness at any of the eight measu~ed locations 
exceed 0.05 mm. Based on these physical measurements, 
.. . ' .. } 
wastage rates were determined to be 0.53 mm/yr and 1.07 mm/yr • • 
These wastage rates are between 1.5 to 4.8 times higher than 
.; 
the wastage rates determined by test coupon weight loss and 
1.8 to 12.5 times higher than the wastage rates determined 
by ultrasonic measurements. 
The wastage rates determined by probe analysis (weight 
loss and micrometer measurement) do not agree with the wastage 
rates calculated using ultrasonic measurements. A possible 
explanation is the short exposure time to the furnace environ-
ment as previously dis.cussed. However, another important 
point to· consider is the non-uniform temperature di.stribution 
vertically along the probe coupons, as shown in Table .20. · 
These typical temperatures were obtained from the data logger 
output from the Morgantown control room. The only tempera-
tures that were within the control range were the.temperatures 
rec9rded for the probe coupon containing the control thermo-
couple, while the two other ·thermocouples showed. variations 
l in temperature along th~ length pf the wastage probe of 
between 147 and 275 d~gree C, for sites 2 and 5, respectively. 
' . 45 
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This would suggest that the only representa~ive furnace 
wall temperatures for the wastage probes may b~ those 
measured for the test coupon with the control thermocouple 
in it, if in fact the set point temperature is representa-
tive of the actual temperature of the adjacent waterwall 
tubes. However, based on the modifications performed on 
th~ probes as the 35.2 meter elevation which were required 
in order for the probe to maintain the set point temperature, 
it may be expected that 413 degrees C +11 degrees C is not 
... 
representative of the adjacent furnace·~wall temperature. 
I 
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6. CONCLUSIONS 
The work performed in implenienting an ultrasonic 
thickness monitoring program used in determining waterwall 
wastage rates at the Potomac Electric Power Company's 
Morgantown Unit No. 2 boiler has produced the following 
conclusions. 
I 
(1) Metal loss resulting from abrasive blast cleaning 
-
of boiler tube surf~ces prior to ~ltrasonic inspection cdn 
be limited to less than 0.02 mm if the abrasive blast para-
meters (nozzle to surface distance, grit size, air pressure, 
and blast time) are used during cleaning. 
(2) The magnitude and direction of the systematic 
., 
measurement errors can be determined through the use of 
reference tube standards which are measured during"~he 
course of the waterwall inspections. 
(3) Reduction of the systematic errors can be 
accomplished using the least-squares regression analysis 
and linear calibration curve techniques. 
(4) Based on the data taken at the eight inspection 
sites., no significant differences in the wastage rates were 
found between normal o2 ana·1ow o2 boiler operations. 
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Pooled Standard 
Deviation 
Change in Tube 
Thickness 
Number of 
Measurements 
Time (Weeks) 
0 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
TABLE 1-
Effects of Sample Size and Pooled Standard 
Deviation of Wastage Rate Determinations 
0.25 mm 
, 
·s • 2 5 mm 3 .• 7 5 mm 
80/80 160/160 
1.74 1.24 
1.39 0.99 
1.16 0.83 
0.99 0. 71 ( 
0.87 0.62 
0.77 0.55 
0.69 0~50 
0.63 0.45 
0.58 0.41 
0.53 0.38 
0.50 0.35 
Detectable Wastage Rates 
(rnrn/y r) 
0.18 nun 
3 • 6 8 ·mm 2 • 6 3 mm 
80/80 160/160 
1.21 0.87 
0.97 0.69 
0.81 0.58 
0.71 0.50 
0.61 0.43 
0.54 0.39 
0.49 0.35 
0.44 0.32 
0.40 0.29 
0.37 0.27 
0.35 0.25 
0.10 mm 
2.10 mm 1.50 nun 
~ 
80/80 160/160 
0.69 0.50 
0.55 0.40 
0.46 0.33 
0.40 
...... 
0.28 
0.39 0.25 
0.31 0.22 
0.28 0.20 
0.25 0.18 
0.23 0.17 
0.21 0.15 
0.20 0.14 
~ 
\.0 
p' 
TABLE 2 
· ,Abrasive Blast Test Results 
I 
10 Tube_ Al;>r~sive Blast Results - ~ioving Blast 
Tube 1 
Thickness Change 
Tube 2 
Thickness Change 
Surface 
Cohdit.i.on ' 
Blast 
Time 
(sec) 
30°L (A) CL (B) 30oR(C) 30°L CL 30°R (mm) (mm) (mm) 
Light Scale ·s. o 0.02 0.01 0.03 
Heavy Scale 7.5 0.07 0.10 0.01 
Light Scale 10.0 0.03 0.02 0.01 
Moderate Scale 12.5 0.03 0.04 0.02 
Heavy Scale 
Light Scale 
Li.ght Scale 
Light Scale 
Light Scale 
Heavy Scale 
Bare Metal 
Bare Metal 
Bare Metal 
Light Scale 
NOTE: · (A) 
(Ia) 
( C) 
"t'' 15.0 0.08 0.08 · 0. 02 
17.5 0.03 0.01 0.01 
20.0 0.01 0.03 0.01 
25.0 0.02 0.02 0.02 
30.0 0.04 0.04 0.05 
60.0 0 .17· 0.19 0.21 
3 Tube Re-Blast Results -
35.0 0.01 0.02 0.01 
50.0 0.02 0.03 0.02 
67.5 0.04 0.05 0.04 
1 Tube Stationary 
60.0 0.10 0. 2.0 
30° Left of Tube Centerline 
Tube.Centerline 
36° Right of Tube Centerline 
0 .15· 
(mm) {mm) (mm) 
0.01 0.01 0.01 
0.04 0.03 0.05 
0.04 0.01 0.01 
0.01 0.04 0.04 
0.23 0.08 0.13 
0.03 0.04 0.02 
0.02 0.02 0.01 
0.03 0.03 0.02 
0.05 .. 0. 05 0.05 
0.21 0.15 0.16 
rl 
Moving Blast 
0.02 0.02 0. 01 · 
0.02 . 0. 03 0.02 
0.04 0.05 0.03 
Blast 
- - -
• 
.. ., 
TABLE 3 
Micrometer Measur~d vs Regression Model Predicted Changes 
in Tube Thickness for the 3 Tube Re-Blast - ·Moving Blast 
-Tube 
No. 
1 
2 
1 
2 
1 
2 
NOTES: 
-· • 
Position 
Left of CL (A) 
Left of CL(A) 
Left of CL(A) 
Left of CL(.A) 
Left of CL (A) 
Left of CL(A) 
CL (.B) 
CL (.B) . 
CL(B) 
CL(B) 
CL(B) 
CL(B) 
30° Right of CL(.C) 
30° Right of CL(C) 
30° Right of CL(C) 
30° Right of CL (C) 
30° Right of CL(C) 
30° Right of CL (C) 
I 
Abrasive 
Blast 
Time 
(Sec.) 
35.0 
50.0 
67.5 
35.0 
50.0 
67.5 
35.0 
50.0 
67.5 
35.0 
50.0 
67.5 
35.0 
50.0 
67.5 
35.0 
50.0 
67.5 
Changes in Thickness 
Experimental Analytical 
-... 
(nun) (nun) 
0.01 
0.02 
0.04 
0.01 
0.02 
0.03 
0.02 
0.03 
0.05 
0.02 
0.03 
0.05 
0. 01 · 
0.02 
0.04 
·0.02 
0.02 
0.04 
0.01 
0.02 
0.04 
0.01 
0.02 
0.04 
-0.02 
0.03 
0.04 
0.02 
0.03 
0.04 
0.01 
0.02 
0.04 
0.01 
0.02 
0.04 
(A) 30° Left of Tube Centerline 
(B) Tube Centerline 
(C) 30° Right of Tube Centerline 
,{ 
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TABLE 4 
Grade 2 Abrasive Blast Particle Size 
Screen 
Size 
(mm) 
1.70 
0.85 
0.60 
0.42 
51 
Percent Sand 
At Screen 
1.7 
88.7 
9.4 
0.2 
. ' 
. 
, . 
Ul 
t\J 
., 
Month of 
Inspection 
-
9/84 
9/84 
9/84 
9/84 
9 /84 
9/84 
9/84 
9/84 
TABLE 5 
Reference Tube Standard Systematic 
Errors and Least-Squares Linear Regression Results 
for Normal o2 and Low o2 Ope~ation 
Systematic 
Site Errors Y-Intercept 
Number (mm) Slope (mm) 
·1 0.13 0.97 -0.01 
2 0.30 0.98 0.18 
3 0.09 0.95 -0.16 
4 0.28 0.97 0.11 
5 0.13 0 .-r,9 7 -0.02. 
6 0.11 0.96 -0.11 
7 0.02 0.97 -0.12 
8 0.19 0.99 0.14 
., 
No.rrnal 02 operation between 9/84 and 11/84 
11/84 1 0.23 1.01 0.26 
11/84 2 0.02 0.96 -0.21 
11/84 3 0.23 0.97 0.06 
11/84 4 0.07 0.97 -0.06 
11/84 5 0.23 0.97 0.08 
11/84 6 0.25 0.98 0.01 
11/84 7 0.11 0.97 -0.04 
11/84 8 0.04 0.99 0.01 
Low 02 operation between 11/84 and 3/85 
3/85 1 0.03 0.99 -0.02 
3/85 2 0.12 0.95 -0.09 
3/85 3 0.15 0.98 0.04 
3/-85 4 0.15 0.99 0.10 
3/85 5 0.24 0.97 0.11 
3/85 6 0.19 0.99 0.10 
'3/85. 7 0.07 0.99 0.04 
3/85 8 0.16 1.00 0.15 
I 
Correlation 
Coefficient 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
• ' 
TABLE 6 
Pooled Standard Deviations for Waterwall 
Inspection Sites for Normal o2 and Low o2 Operation 
Site 
Numb,e·r 
1 
2 
3 
4 
5 
6 
7 
8 
. ,. 
Normal o2 
Furnace Operations 
Pooled Standard Deviation 
·(mm) 
+a.as 
-
±0.07 
±o.os 
±0.04 
±0.03 
±o. o 2. 
±0.04 
±a.as 
·53. 
Low 02 
Furnace Operations 
Pooled Standard-Deviation 
(mm) 
±0.04 
±o.os 
±0.06 
±0.04 
±0.03 
±0.02 
±0.04 
±o.os 
I • 
• 
U1 
~ 
... 
TABLE 7 
I 
Comparison of the Estimated Accuracy for Differences in Tube Thickness 
for Normal o2 and Low o2 Operation for 160 Measurements and 20 Measurements at Each Inspection Site 
Inspection 
Site. 
1 
2 ' l 
r 
3 
4 
5 
6 
7 
8 
NOTES: 
Estimated Accuracy 
(160 Measurements/site) 
Normal 02 Low o2 (nun) {nun) t'l 
±0.02 + -0.01 
±0.02 "rr ±0.01 
±0.01 ±0.02 
±0.01 :to.01 
A :to.01 
+ 
-0.01 ±0.01 
+ 
-·0. 01 ±0.01 
A ±0.01 
Estimated Accurac.y 
(20 Measurements/site) 
Normal 02 Low o2 (mm) (mm) 
+ + 
-0.14 -0."16 
±o. os ±0.04 
±o. 23 + -o .·27 
±0.10 + .. -0 .10· 
±0.17 ±o.1a 
±o.oa ±0.01 
±0.23 ± 0. 23 
±0.03 ±0.04 
A Not significant at the 95% confidence limit 
/ 
TABLE 8 .... 
NDE Inspection Results: Normal o2 Ope·ra.tion 
Inspection 
' 
Site 
1 
2 
3 
4 
5 
6 
7 
8 
Furnace 
Elevation 
(liie te rs) 
25.6 
31.7 
31.7 
35.2 
35.2 
35.2 
31.7 
31.7 
Unadjusted 
Average 
Thickness 
Change 
( nun) 
0.17 
-0.10 
0.16 
0.01 
0.08 
0.15 
0 .l7· 
-0.16 
55 
Average 
Wastage 
Rate 
(mm) 
0.82 
-0.51 
0.76 
0.01 
0.34 
0.73 
0.86 
-0. 79· 
Adjusted 
Average 
Thickness 
Change 
(mm) 
0.05 
0.17 
0.03 
0.20 
-0.01 
0.02 
0.10 
-0.01 
Aver~ge 
Wastage 
Rate 
(nun/yr) 
0.23 
0.84 
0.16 
0.98 
-0.04 
·0.11 
0.50 
-0.04 
.. 
TABLE 9 
Normal o2 Operation 
Confidenc·e Limits for Thickne.ss Changes 
Inspection 
Si·te 
1 
2 
3 
4 
5 
6 
7 
8 
NOTE: 
·-. 
,, 
Average 
Thickness Change 
·{mm) 
0.05 
0.17 
0.03 
0.20 
-
-0. 01 A 
0.02 
0.10 
~ 
-0. 01 A 
95 Percent 
Confidence Limits 
Lower Limit Upper Limit 
(mm) (nun) 
0.03 
0.16 
o .• 02 
0.19 
-
0.01 
0. 09· 
-
0.06 
0.19 
0.04 
0.21 
-
0.03 
0.11 
-
A: Not signifi~ant at the 95% confidence level 
./",I"' 
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TABLE 10 
Normal o2 Operation 
Confidence Limits for Wastage Rates 
Inspection 
Site· 
Average 
Wastage Rate 
(mm/yr) 
95 Percent 
Confidence Limits 
Lower Limit Upper Limit 
·(mm/y·r) · {mm/yr) 
NOTE: 
1 
2 
3 
4 
5 
6 
7 
8 
.... 
... 
0.23 
0.84 
0.16 
0.98 
-0. 04 A 
0.11 
0.50 
0.17 
0.78 
0.10 
0.93 
-
0.09 
0.45 
0.30 
0.91 
0.21 
1.02 
0.14 
0.54 
A: Not significant .at the 95% confidence level 
r-
57 
f'-- ' / 
,. 
TABLE 11. 
raDE Inspection Results: Low O 2 Operation · 
Inspection 
Site 
1 
2 ~ 
, 
3. 
4 
5 
6 
7 
8 
Furnace 
Elevation 
(Meters} 
25.6 
31.7 
31.7 
35.2 
35.2 
35.2 
31.7 
31.7 
U11adjusted 
Aver~ge 
Thickness 
Change 
(mm) 
-0.18 
0.14 
0.08 
0.18 
0.08 
0.04 
0.03 
0.21 
58 
Aver~ge 
Wastage 
Rate 
(tun/·yr). 
-0.84 
0.65 
0.37 
0.82 
0.37 
0.19 
0.14 
0.98 
Adjusted 
Average 
Thickness 
Change 
(.mm) 
0.02 
0.02 
0.15 
0.08 
" 0. 06 
0.09 
0.07 
·O .10 
• 
Average 
Wastage 
Rate 
(mm/yr) 
0.09 
0.09 
0.71 
0.36 
0.30 
0.45 
0.34 
0.48 
,, 
. TABLE 12 
Low o2 Operation 
Confidence Limits for Thickness Changes 
Inspection 
Site 
1 
2 
3 
4 
5 
6 
7 
8 
Average 
Thickness Change 
.. (mm,) 
0.02 
0.02 
0.15 
0.08 
0.06 
0.09 
0.07 
0.10 
59 
95 Percent 
Confidence Limits 
Lower Limit Upper Limit 
· (mm) · · (mm) 
0.01 
0.01 
0.14 
0.07 
0.05 
0.08 
0.06 
0.09 
0.03 
0.03 
0.17 
0.09 
0.07 
0.10 
0.08 
0.11 
Inspection 
Site·· 
1 
2 
3 
4 
5 
6 
7 
B 
TABLE 13 
Low o2 Operation 
Confidence Limits for Wastage Rates 
Average 
Wastage Rate 
: (mm/yr) 
0.09 
0.09 
0.71 
0.36 
0.30 
0.45 
0.34 
0.48 
60 
95 Percent 
Confidence Limits 
Lower Limit Upper Limit 
· · · (mm/y-r) · (mm/yr) 
0.03 
0.04 
0.65 
0.32 
0. 27 
0.41 
0.31 
0.44 
0.13 
0.14 
0.77 
0.39 
0.32 
0.46 
0.38 
0.54 
CJ'\ 
...... 
TABLE 14 
Comparison of Avetage Wastage Rates 
for Normal O 2 and Low 0·2 Operations Change CB) 
Furnace 
N 
N 
N 
N 
N 
N 
Grand 
Elevation 
(meters) 
25.6 
31.7 
31.7 
35.2 
35.2 
35.2 
Average 
North Furnace 
s 
s 
31.7 
31.7 
Grand A·verage 
s·outh Furnace 
Inspection 
Site 
l 
2 
3 
4 
5 
6 
7 
8 
' 
NOTE'S: 
Average Was.tage Rates· 
Normal o2 (mm/yr) 
0.23 
0.84 
J 
~... 0 • 16 
0.98 
A 
0.11 
0.46 
0.50 
A 
0.50 
Low 0 
(rnm/y£.) 
0.09 
0.09 
0.71 
0.36 
0.30 
0.45 
0.33 
0.34 
0.48 
0.41 
• 
• in 
Wastage 
Rate 
(mm/yr) 
0.14 
0.75 
-0.55 
0. 6 2 -' 
0.30 
-0.34 
0.13 
0.16 
- 0. 48 
0.09 
(A) Not significant at the 95% Confidence level 
(B) Change in wastage rate is normal o2 minus· low 02 wastage·rates 
' 
°' t\J 
TABLE 15 
Recovered Waterwall Tube Average Differences in Thickness 
Number 
of Tubes 
Inspection Position From Each 
Site (nun) Site 
3 +19 5 (A) 
0.0 5 
-19 5 
4 +19 13 (B) 
0.0 13 
-19 13 
5 +19 18 ( C.) 
0.0 18 
-19 18 
7 +19 9 (D) 
0.0 9 
-19 9 
(A) Tube Numbers 16 through. 20 
(B) Tube Numbers 1 through 13 
(C) Tube Numbers 3 through 20 
(D) Tube Numbers 6 through 14 
Average Predicted 
Unadjusted Average 
Difference • Difference • 1n 1n 
Thickness Thickness 
(nun) . fmm) 
0.15 -
0.16 0.15 
0.17 -
0.07 -
0.10 0.15 
0.07 -
0.22 -
0.24 0.24 
0.25 -
0.10 -
0.07 0.07 
0.11 -
Average 
Adjusted 
Difference • 1n 
Thickness 
(mm) 
0.01 
o .• 02 
0.03 
~o.os 
-0.04 
-0.07 
-0.05 
-0.03 
-0.02 
0.02 
-0. 0·1 
0.03 
I' 
TABLE 16 
·Chemical Analysis of. Various Recovered Waterwall Tubes 
Inspection Tube Weight % 
· ·s·i·,te: ·. · .. No. · ·chromi·um· 
3 
4 
5 
5 
5 
7 
7 
7 
17 
5 
3 
7 
11 
6 
11 
14 
NOTES: (A) ( 2 •. 25 wt % Cr) 
(B) (1.25 wt% Cr) 
1.82 
1.00 
1.11 
0.88 
1.-06 
0.94 
0.93 
1.00 
63 
Probable Metal 
-Typ·e 
ASME SA 213 T22(A) 
ASME SA 213 Tll(B) 
ASME SA 213 Tll 
ASME SA 213 Tll 
ASME SA 213 Tll 
ASME SA 213 Tll 
ASME SA· 213 Tll 
ASME SA 213 Tll 
CJ'\ 
ii::. 
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TABLE 17 
Average Differences Between the Adjusted Ultrasoni~ Thicknesses 
and Tube Micrometer Measurements for the Recovered Waterwall Tubes 
Inspection 
Site 
3 
4 
5 
7 
. 
Standard Deviation 
due to 
Random Error 
(mm) 
±"0.01 
±0.04 
±0.03 
+ 
-0.04 
Measurement Line 
Adjusted Average 
Difference in 
Thickness 
(mm) 
0.02 
0.04 
0.03 
--0.01 
Grand Average(A) 
Difference in 
Thickness 
(mm) 
-0.02 
+o.os(B) 
+0.03 
-0.02 
NOTES: (A) Grand Average of differences in thickness at all three 
measured positions 
{B) Outside the standard deviation due to Random Error for 
the March 1985 Inspection at Site· 4. 
°' Ul 
TABLE 18 
Waterwall Probe data for 
Low o2 Furnace Operations 
Inspection 
Site 
Material CA) 
Type· 
Weight Loss 
(grams) 
Wastage Rate 
(nun/yr) 
2 
31.7 meter 
elevation 
5 
35.2 meter 
elevation 
SA-210 
T-11 
T-22 
T-11 
T-11 
. . 
T-22 
T-22 
Exposure Time: 417 hours 
1.0974 
0.7527 
0.4949 
0.6956 
0.3656 
0.5511 
0.3481 
Oxygen Level: 2% + 0.4% by wet analysis 
-
NOTES: 
0.58 
0.40 
0.26 
0.37 
0.20 
0.29 ·~ 
0.19 
(A) Coupons are shown in order from the top of 
probe to the bottom of probe. 
(B) 95% percent Confidence limits 
., 
• 
Average 
Wastage Rat.e 
Determined By 
u·ltrasonics · 
(mm/yr) 
0.09 B 
( 0 • 0 4 to O • 14 ) 
0.30 B 
( 0 • 2 7 ·to O • 3 3 ) 
°' 
°' 
TABLE 19 ,. 
Waterwall Probe Test Coupon Differences in Thickness 
Determined by Micrometer Measurement 
Change I Thickness (mm) for each 1n 
I11spection Material Test Coupon Position Measured 
Site Type l 2 3 
-
2 SA 210 0.05 0.05 (.A) 
31.7 Meter T-11 0.03 0.03 0.03 
Elevation 
T-22 (A) (A) (A)· 
T-11 (A) 0.03 0.03 
~ 
5 T-11 (A) (A) (A) 
35.2 Meter T-22 0.03 (A) (A) 
E.levation 
T-11 0.03 0.03 0.03 
Exposure Time: 417 hours 
Oxygen Level: 2% ± 0. 4% by wet analysi-s 
Notes: {A) No change 
·4 5 6 
-
(A) (A) (A) 
(A) (A) (A) 
(A) (A} (A) 
0.03 0-. 0 3 0.03 
(A) (A) (A) 
(A) (A) 0.03 
0.03 0.03 0.03 
7 ~ 
(A) (A) 
(A) . (A) 
(A) (A) 
0.03 0.03 
.,_ 
(A) (A) 
0.03 (A) 
0.03 0.03 
•. 
TABLE 20 
Typical Thermocouple Temperatures for 
Waterwall Wastage Probes 
r·nspection 
Site 
2 
31. 7 Metelr 
Elevation 
5 
35. 2- Meter 
Elevation 
Data 
Set 
1 
2 
3 
4 
5 
6 
Top 
(oC) 
312 
312 
311 
227 
233 
233 
Middle(A) 
(Control TC) 
(OC) 
408 
408 
411 
406 
408 
408 
Bottom 
(.oc) 
462 
462 
458 
502 
499 
499 
£\T {B) 
(oC) 
150 
150 
147 
275 
266 
266 
NOTES: 
(A) Temperature controller setpoint: 413°c + 110c. 
(B) 
~ 
~Tis defined as the bottom thermocouple 
temperature minus the ·top thermocouple temperature. 
p 
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Fireside of boiler tube 
Non-fireside of 
boiler tube 
19 mm 
Mag 1. Sx 
FIGURE la: Boiler tubes removed from Site 4 showing 
changes in wall thickness on the fireside 
of the tube. Site 4 is at the 35.2 meter 
elevation in the North furnace's east wall. 
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M[ T" IC 1 2 
Area A 
FIGURE lb: 
3 4 5 6 7 8 9 10 11 12 
• 
Bo.iler Tubes Remo,iec.l ,- Site 4 at the r- rom .L .... u 
35.2 rneter elcva·;:ion • the rJni t °t'l ,) • 2 in 
North Ft1rJ1ace. Bo;~ labelled: l\rea ]\ 
shows an area ,- st1rface roughness ()I 
''  .
1. 
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F!GURE le: 
9 · IO 1 2 
-· j _ _____ _.__ _ _... ___ ....___ 
Boiler Tubes Removed from Site 3 at 
the 31.7 meter elevation in the Unit 
No. 2 North Furnace showing relatively 
smooth tube surfaces 
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FIGURE 2: Cir,;urnferential Cracks or Grooves 
on Boiler Tube Removed from Site 5 
at the 35.2 meter elevation in the 
Unit No. 2 Nort.11 Furr1a ce 
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00 
Thermocouples 
(Two) 
Temperature 
Controlle/i;: / 
/'--.,~ 
El~ctrlc \. 
' 
Valve 
/ 
Afr T11hc 1.ol'k Nut-__, 
(For Tl'HIPl'r'1turc 
Ba .l ~, n c I 11 g) 
0 Tcmpcratt1rc 
Recorder 
Corrosion 
Coupons 
(Tia rce) 
Sampl-ing 
of Furnace Gas 
Flange for 
Door Seal 
~Air 
J·: J\ la .1 u ~; t 
. n0Jll1 r 
W:all 
End Cap 
Door·npcning 
(Door Removed) 
FIGURE 3: Illustration of Second Generation Wastage Probe showing its 
horizontal position in a Boiler Wall (after Ref. 3) 
""'. .......... ,_ 
.. 
horizontal measurement line 
Wastage Probe installed 
in furnace observation 
door 
FIGURE 4: Boiler Tubes Removed from Site 5 at 
the 35.2 meter elevation in the Unit 
No. 2 North Furnace illustrating a 
horizontal measurement line along 
which ultrasonic thickness measurements 
are performed and the flush mounted 
vertical waterwall wastage probe 
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FIGURE 5: 
Counter Punch Locating 
Indentations 
Two Tube Abrasive Blast Cleaning Test Specimens 
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1 
2 
Representative of top view 
of Unit No. 2 
. 
8 6 
Fireballs 3 
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I 
A 
e· 
NORTH'"WALL C D 
E 
7 
SOUTH WALL 
WEST WALL 
1 through 8 are corner numbers 
A through E are burners 
't' 
.. 
FIGURE 6: Schematic of the Unit No. 2 furnace illustrating the elliptical 
shape·of the counter rotating fireballs 
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Representation of top view of Unit No. 2 
1 4 5 
2 3 6 7 
FURNACE ARCH 
/ 
BURNERS 
.SLOPE TUBES 
8 5 
8 
CODE: 
Inspec-
tion· 
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WJA High 
lrl/flJ Wastage 
Area 
.Based on 
Availabl'e Data 
FIGURE 7: Schematic of furnace waterw~ll .showing areas of high wastage 
and locations of inspection sites in the Unit No. 2 furnace 
_.,. 
Digital Display Output 
Cathode Ray Tube Signal 
Figure 8: Typical Cathode Ray Tube (CRT) Signal and 
Digital Display Output. 
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Coaxial connector (transmitter) 
Coaxial connector (receiver) 
Housing 
Epoxy potting 
Electrical 
contacts ( +) 
----- Common 
electrical 
contact (-} 
Acoustic Shield 
Backing 
material 
(I of 2) 
·FIGURE 9: 
Plastic wedge 
(I of 2) 
Piezoelectric 
element (I of 2) 
Scbernatic of dual-element transducer showing 
position of cross talk barrier (.after Ref. 24) 
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FIGURE 10: Schematic showing the orientation of the 
transducer on the Boiler Tube (.after Ref. 23) 
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FIGURE 11: Effect of Standard Deviation on Detectable 
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... 
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Fireside of 
boiler 
Wastage Probe Test Coupons 
Non-fireside 
of boiler 
, 
.......... 
Cooling air 
inlet 
Air 
FIGURE 12: Mock up illustrating the position of the 
Waterwall Wastage Probe in a Furnace 
Observation Port. 
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Installation 
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FIGURE 13: Schematic of Waterwall Wastage Probes 
illustrating Air-Flow Paths and Thermo-
couple Placement 
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* ~ot significant at the 95% confidence limits 
FIGURE 14: Schematic of Furnace Waterwalls showing the Wastage Rates 
determined for Normal o2 level boiler operation 
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FIGURE 15: Schematic of the 31.7 meter elevation illustrating the 
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10. APPENDIX I 
10.1 Section A: Ultrasonic Proc~dural Development 
The initial thickness monitori~g procedure for 
Morgantown incorporated many of the techniques outlined 
in the test programs 3 ' 13 described in the Section 3.1: 
. 
Ultrasonic Thickness Measurements. The inspections ~ere 
. . 30 . performed by qualified Level I, II, and III NDE UT inspec~ 
tors, using test instruments which displayed thicknesses on 
both CRT and digital formats. Instrument calibrations were 
initially performed using flat step blocks. 
At the beginning of each inspe~tiort run at a particu-
lar inspection site (a run consisted of one measurement per 
tube on each of the twenty tubes inspected) the cali.bration 
step blocks and separate boiler tube reference samples were 
measured. The tube sample measurements were used as a check 
t" 
on the waterwall thickness ·measurement accuracy. Inspection 
of the waterwall tubes to determine the minimum thickness 
involved moving_ the transducer across the tube surface 
until the minimum thickness was located. After two months 
of boiler operation the thickness measurements were repeated. 
The changes in tube thickness were calculated by 
subtracting the thickness measurements for each of the two 
consecutive inspections for each furnace wall site. 
The results indicated that tubes at three inspection 
sites had not experienced wall thinning. Moreover, the 
majority of the tubes at these sites were -found to 
increase in thickness. Based on the annualized wastage 
rates these three sites showed incre~ses in wastage 
from -0. 31 mm/yr up t·o -0. 71 mm/yr, while other sites 
were found to experience losses up to 1.98 mm/yr. 
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• In order to determine wt1y these inconsistencies in 
the measurements occurred, a series of tests were performed 
on boil'er tube samples of known th.ickness (the thicknesses 
were not known by the inspectors) using four operators 
with ultrasonic experience levels from no experience to 
· · · 
30 
· h d d qualified Level III UT inspectors. Te proce ure use 
for these thickness tests is outlined in Appendix I, Section 
B: Instrument Evaluation. Each series of ultrasonic measure-
ments were analyzed to determine the differences between the 
indicated ultrasonic thicknesses and the tube micrometer 
thicknesses. These differences were called measurement 
errors. 
14 Schumacher separates measurement errors into two 
more spec.ific compo·nents, random error and systematic error. 
Random errors are the variations of the measurements all cf 
which a·re clustered about some mean or average value. 
Systematic error, on the bther hand, are the variations of 
a measurement from the "true" value of tne quantity being 
. 31· measured. Eisenhart described systemati·c errors as a. 
quantity that is generally unknown in magnitude and direction. 
However, during the Instrument Evaluation, as in tests con-1. 32 ducted by Allen and Reinhart 3 and Boss~laar and Goossens , 
differences between the ultrasonic measurements and the micro-
meter measurements are used to ca·1culate both the magnitude 
and the direction of the systematic error. 
With the exception of the·measurements performed on 
the flat calibratiort step blocks all thickness measurements 
on round tubes were found to be affected by systematic 
errors, as shown iri Section B: Instrument Evaluation, 
Table 21. The results ~hawed that in more than 90 percent 
of the data sets the syst~matic errors were negative. In 
I 
~·, 
addition, .the magnitude of the systematic erro.rs were 
found to vary amo~g all four operators and between sets of 
measurements taken by an individual operator, ·as shown in 
Table 21. By subtracting th~ ultrasonic thickness measure-
ments performed on the same boile~ tube samples and then· 
treating these differences as hypothetical results from a . •. 
boiler inspection following 2000 hours of furnace operation 
wastage rates of ±2.20 mm/yr were possible. Based on these 
findings, the resultsof the initial inspections of the Unit 
No. 2 boiler were believed to be affected by these measurement 
errors in the same manner. 
In order to reduce the magnitude of these systematic 
. . '-•. 
I 
. . I and random errors, changes were incorporated into the 
thickness monitoring procedure and a second series of tests 
were conducted. These procedural changes included: 
{1) standardization of the test instrument gain prior tq 
instrument calibration and- ( 2) calibration using round 
diameter tube standards instead of flat step blocks. These 
. 
. . 
changes resulted in a decrease in the standard deviation due 
to random error. An outlin-e of the revised thickness moni-
toring procedure is presented in Appendix I, Section C: 
Operator Training. 
A third change involved the use of a least-squares 
linear regression mode133 and a technique described by 
Snedecor25 in which the regression equations are used as 
calibration curves where the term calibration, as defined 
. .34 by Tukey , represents something done which can shift all 
the measurements-that follow or precede. Data analysis 
performed using this sequence of mathematical operations 
allowed the determination and subsequent reduc.tion of the 
systematic error. The results of these .tests are ~escribed, 
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in Appendix I, Section D: Post Operator Training. 
1) 
·. 35. 
Honeycutt and Sa~tlet used a least-squares straight 
line equation duri.ng nondestructive inspections using a 
thermoelectric method to determine the thickness of turbine 
blades as shown in Equation 15. 
thickness a(emf) + b 
where: 
Thickness is the test piece thickness 
emf is- in millivolts 
a and bare empirical constants 
(15) 
From the straight line equation they defined blade thickness 
as a function of thermal comparator voltage as shown in 
Equation 16: t 
Thickness= lOOO 
a (emf) + b (16) 
Using this regression analysis, turbine blade thicknesses 
.between O .13 mm and O. 25 mm. to within + 0. 0 3 mm were found 
·-
to be possible. 
The thickness Monitoring Procedure o~tlined in Section 
4.2 provides a detailed discussion of the waterwall thickness 
monitoring program conducted at the Potomac Electric Power 
Companys· Morgantown Unit No. 2 boiler and the application of 
the least~squares regression model and the calibration 
curve technique. 
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10.2 Section B: Instrument Evaluation 
A three day Instrument Evalua·tion was conducted at 
Morgantown to select the· type of ultrasonic instruments 
;-for the Morgantown Thickness Monitoring Program. Four instru-
ments were evaluated, each displayed thicknesses using both 
a cathode ray tube and digital formats. On the first day of 
- the evaluat.ion, manufacturers' representatives gave demon-
strations of their instruments and their capabilities. 
Four operators with ultrasonic experience levels from 
no experience to qualif iecf°.Level III UT inspectors were 
selec:ted t·o participate j_n the evaluation. The instrument 
represerita-ti ves individually instructed each of t·he four 
operators in ·the proper calibration and operational charac-
teristics of each machine. Each operator then perfo·rmed 
<> 
thickness measurements on three differ~nt sets of tube 
samples. 
......,. 
The tube samples had been removed from discarded 
.sections of Morgantown waterwall panels. The tube samples 
had been abrasively blast cleaned to expose the base metal. 
Samples ·were approximately 83 nun in length and two tubes 
wide. The samples were cut in half to expose the inner 
diamete~.of the tubes and each section was stamped with an 
identification code. A tube micrometer was used to measure , . 
. 
samples at two locations spaced 25 mm apart,. along the 
center of the tube (longitudinally). In addition, the 
operators measured a series of reference tube standards. 
These standards were similar to the 20 tube test 
standards. The reference tube standards were used as an . . ~ 
additional check on the accuracy and repeatability of the 
ultrasonic thickness measurements. The thickness.es· of the 
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reference tube standards were mea.sured using a tube micro-
meter. 
10.2.1 Experimental Procedure 
The following is an outline of the procedure used: 
(1) Pertinent inspection information was recorded, 
including the instrument used, .the time required to cali-
brate the instrument, the gain setting at calibration, the 
couplant used, the serial numbers of reference standards and 
20 tube test coupons used, arid the time required t·o 
take the measurements. 
( 2) Each instrument was calibrated u.sing flat cali-
bration blocks in accordance with the manufacturer's 
recommended practice, at two thicknesses that bracket the 
range of thicknesses for ··the 20 tube test coupons, 2. 54 mm 
and 7.62 mm. After calib~ation an intermediate thickness 
t 
check was .made using a 5.08 mm standard (flat calibration 
blocks were used) • 
( 3) Couplant was applied to the tubes and t·he 20 tube 
~ test coupons were measured at a position marked on the tubes 
with a permanent marking pen.. This allowed the operator to 
return to within 6.35 mm of the original position. 
(4) Prior to each inspection run of tbe 20 tube test 
,coupons (a run consists of one thickness measurement on each 
of the twenty tubes)·, the operators measured the three flat 
calibration blocks and three reference tube standards (the 
thickness of the reference standards was not known by the 
operator) . 
/ 
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(5) The 20 tube test coupons were then.measured at 
each of the two locati.ons i.ndicated. (the thickness of the 
test coupons was not known by the operators}. The measure-
ments on each tube for the two sel·ected locations were re-
.. .. . . 
. 
peated four times for a total of 160 measurements per 20 
tube test coupon set. During the course of the testing, 
·each operator measured at least one set of 20 tube coupons 
and reference standards- to det·ermi.ne the minimum thickness 
of the boiler tube sample. After completing the entire set 
of measurements, the operators documented th~ir opinions 
about the advantages and dis.advantages of the instrument 
used. 
The thickness measurements taken on the flat calibra-
tiort blocks were used to determine the ability of the instru-
me·nt to retain its original ca.libration during the measure-
ments of the referen6e standard tubes and the 20 tube test 
~: 
coupons. The systematic errors were determined by calcul·ating 
the differences between the indicated ultrasonic thicknesses 
. 
-
and the tube micrometer measurements for each set of tubes 
tested. An analysis of varianci6 '&7NoVA) was used to determine 
the standard ·deviation of the thickness ·measurements due_ 
to random error. The accuracy of the ultrasonic measurement~ 
were based on. the systematic and, random errors for each set 
of thickness measurements taken. The systematic measurement 
errors for the reference standards were also calculated by 
subtract4..ng the reference tube micrometer measurements from 
the indicated ultrasonic measurements made ori the refe-tence 
tube standards. 
In order to determine if a relationship between the 
2·0 tube test coupon random errors and the 20 tube test coupon 
systematic errors existed, a least~squares linea~ regression 
. 
"\. 
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modei3was used, the form of the relationship is shown as 
-
Equation 17: 
SYSTEM= m1 RANDOM+ bl (17) 
where: 
SYSTEM is the systematic error for the 20 tube 
test coupons 
RAND.OM is the random error fo~ the 20 tube test 
coupons 
is the slope of the regression line 
b1 is they-intercept for the regression line 
A similar procedure_·was used to determine if a rela-
tionship between the reference standard systematic error 
and the 20 tube test coupon systematic error existed. A 
dete·rmination of this relationship is essential since the 
refe±ence standards will be used as an indication of the 
accuracy of the ultrasonic measurements of -waterwall 
thickness during an actual boiler inspection. The form 
of relationship- used·was: 
where: 
Yref = m X .. + b 2 tube · 2 ( 18) 
Yref is the systematic error for the reference 
st·andards 
Xtube is th~ systematic error for the 20 tube 
test coupons 
m2 is the slope of· the regres·sion line 
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b 2 is they-intercept of the regression line 
In order to determine the· ·effect of systematic measure--
rnent and random errors on t.he accuracy of the· wastage rate 
calculations, thickness measurements performed on the same 
2-0 tube test coupons were treated as hyp9thetical results 
from two consecutive waterwall inspections following 2000 
hours of· boiler operation. The differences between the 
thickness measurements were calculated and the annualized 
wastage rates computed. 
10.2.2 Results and Discussions 
The ultrasonic thickness measurements taken on the flat 
calibration standards were found to be easily repeatable 
with no significant variation from the known thicknesses 
being observed. The results of these measurements 
indicate.a that for each operator/instrurnent combination, no 
loss of or instrument "drift" from the. initial calibration 
settings had occurred during the inspection of the 20 tube 
test .. coupons and the reference tube standards. 
The systematic error for th~ 20 tube test coupons are 
presented in Table 21. In 90 percent of· the measurements 
made the systematic errors were neg~tive and in 10 percent 
of the measurement~ made the systematic errors were positive. 
The magnitude of the. systematic errors were found to vary 
between all four operators and between sets of measurements 
taken by an individual operator. Part of this systematic 
error is believed to be due to using flat standards for the 
instrument calibration and then using the instrument to measure 
the curved surfaces of the tube samples. 
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The random error for the thickness measurements of 
the 20 tube test coupons are presented in Table 22. The 
correlatio~ coefficient (0.54) for the least-squares linear 
regression indicated that no strong relationship between 
the 20 tube test coupon random errors of Table 22 and the 20 
I 
tube test coupon systematic errors of Table 21 existed as 
shown below: 
SYSTEM= 0.20 RANDOM+ 0.11 (19) 
The average random errors observed for three of the 
+ + four operators were found to be between-0.14 mm and-0.24 mm. 
The accuracy of the thickness measurements are stated in 
terms of their systematic and random errors-. For example., 
the accuracy of operator Bl, using instrument Al, in measuring 
the 20 tube test coupon·s of set c1 -T was-0. ·1a mm ±0 .16 mm. 
Operator B4 using the same instrument and measuring ·the 
•. 
same s-tandards did so with an acc·uracy of-0.38 mm +0.26 mm 
-
as shown in Tables 21 and 22, respec·tively. 
The acturacy of the ultrasonic thickness measurements 
made during the Instrument Evaluation ~ere less than the 
accuracy normally assumed or inspected ~hich has been stated 
. 0 13 8 ' 13 · . · h' · d · · · · t . 1 as + •. ·. mm , since t is state. accuracy appears o 1.mp y 
- . 
that the systematic errors are zero. However, the thickness 
measurements performed during the Instrument Evaluation were 
obs~rved to have various magnitudes of systematic errors 
which reduce th~ accuracy of the ultrasonic measurements. 
It is generally assumeo that the level of ope:rator 
experience affects ~easurement accuracy, with the more 
experienced operatdrs producing the more acturate results. 
Although a specific analysis was not performed to examine 
the effects· of operator expe1: .. ience from a review of Table 21, 
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one might conclude that operator B4 had very little ultra~ . 
sonic experience, while operator Bl, B2, .or B3 were the more 
experienced NDE ultrasonic inspectors. In fact, operator B4 
was a qualifieJinE Level III UT inspectoi with.inspector 
Bl having no prior ultrasonic ~xperience. However, the more 
experienced inspectors appeared to have less difficulty in 
determining the minimum thickness of a boiler tube during 
inspections performed while scanni~g the circumference of 
the tube, as indicated by their low observed values of random 
error. Converse·l:y, the s~anning technique appeared to cause 
. 
more difficulty for the less experienced operators as shown 
by their higher values of random error while attempting to 
locate the minimum wall thickness. 
The systematic errors calculated for·the reference 
tube standards are presented in Table 23. The results of 
the least-squares linear regression to determine if a 
relationship existsbetween the reference tube systematic 
error and the 20 tube coupon systematic error are shown as 
equation 20: 
Y f = o.76 xt b - 0.01 re-_ _ u e (20) 
Based on the results of the linear regression, the 
correlation coefficient of 0.88 indicates that a fairly 
strong relationship exist·s betwe~n the systematic errors 
observed for the 20 tube test coupons and the reference 
' 
standard~. 
In order to determine the effect of these measurement 
inaccuracies on wastage rate calculations, thickness measure-
ments perfbrrned on the same set of 20 tube test coupons ~ere 
as if they were recorded during two consecutive boiler-
10-0 
inspections.. Subtracting the ultra sonic thickness measure-
men ts for these data sets taken on the same coupons using 
the same instrument, resulted in wastage rates of +0.89 mm 
-
per year. Using other data sets wastage rates up to +2.20 
-
rrun/yr were possible, which su·ggests that the initial 
thickness.measurements performed at the Morgantown Unit No. 2 
boiler were affected by systematic measurement errors and 
are therefore unreliable when used to determine boiler tube 
wastage rates. 
The selection of the test instrument was based on the 
magnitude of the observed·random errors. Three o:E the four 
instruments evaluated were comparable, with random e.rrors 
between :!:o.oa mm and ±o .. 18 ·mm for 26 of the 36 data sets 
taken. The final selection of the specific instrument type 
was made after a complete review of the operator's comments 
by PEPCO's Quality and Reliability· Group. 
As a result the Sonic FTS MK I with a Sonic Model 120 
Thickness Adapter were selected as the primary test instru-
ment for use in the thickness monitoring program. The 
Krautkrarner~Branson Model USL-38 and Model USL-48 were 
determined to be acceptable instruments in the event: a Sonic 
: ' . -
Model FTS MK I could not be used and these are referred to 
·-
as secondary instruments. All three instruments display _ 
thickness measurements in two modes, one a CRT signal, and 
the bther a ~igital thickness readout triggered by the signal 
appearing on the CRT display. 
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Instruments 
Al 
.A2 
A3 
_.:!'. ,• __ ,_ ...... ---- -
•. 
TABLE 21 
20 Tube Test Coupon P.Lver,age S·ystematic Error 
Values Observed Du.ring the Instrument Evaluation· 
20 Tube 
Test Coupon 
Cl 
C2 
C3 
Cl 
C2 
C3 
Cl 
C2 
C3 
Coupon 
Position 
T. 
B 
T 
B 
T M1•1 
B 
T 
B 
T 
B 
T 
B 
T 
B 
T 
B 
T 
B 
Bl 
(mm) 
-0.18 
-0.15 
-0.18 
-0.23 
·, -0.18 
-0.25 
-0.33 
-0.28 
-0.33* 
-0.48* 
. -0.15 
-0.15 
-0.10 
-0.03 
-0.13 
-0.18 
-0.15 
-0.10 
Operators 
B2 
(mm) 
0.13 
0.13 
-0.15 
-0.20 
-0.36 
-0.38 
-0.33 
-0.28 
-0.53* 
-0.58* 
-0.20 
-0.23 
-0.51* 
-0.48* 
-0.31 
-0.33 
-0.10 
-0.10 
B3 
(mm) 
-0.15 
-0.05 
-0.15 
-0.25 
-0.25 
-0.31 
-0.15* 
-0.08* 
-0.08 
-0.13 
-0.10* 
-0.10* 
-0.01 
0.03 
-0.01 
-0.05 
-0.15 
-0.13 
NOT~S: Tor B - Top or Bottom Position on Test Coupon 
* - Scanning 
B4 
(mm) 
-0.38 
-0.36 
-0.48 
-0.56 
-0.33* 
-0.36* 
-0.61 
-0.58 
-0.48 
-0.56 
-0.58 
-0.51 
-0.33* 
-0.33* 
-0.61 
-0.66 
-0.64 
-0.56 
• 
..... 
. 
TABLE 22 
20 ·Tube.Test Coupon Random Error Observed During 
the-Instrument Evaluation 
Instruments 
Al 
A2 
A3 
NOTES: Al to 
Bl to 
Cl to 
* 
,./ 
Operators 
20 Tube Bl B2 B3 
Test Coupon (mm) {mm) {mm) 
A3 -
B4 -
C3 -
-
Cl 
C2 
C3 
Cl 
C2 
C3 
Cl 
C2 
C3 
.. . 
+ + + +O .16 ;o.a1 +O .10 
+0.13 ;0.10 +O .16 
-o. 09 -0.10 -0.16* 
+o 22 ±0.12 +o 11 + . + . 
+o.34* ±o.32* +0.16 
-0.10 ±0.09 -0.13 
+ 
+0.13 
+O .16 
-0.11 
+ + 
+0.33* +0.17 
+0.14 ·+0.17 
-0.11 -0.13 
Instrumen.ts 
Operators 
20 Tube Test Coupons 
Scanning 
B4 
{mm) 
+ 
+0.26 
+O. 30 
-o .13 
+ + 0 .14 
+0.24 
-o .15 
+ 
+0.22* 
+0.21 
-o.16 
'' 
·, 
. ./'\ 
. .. 
TABLE 23 
Reference Standaid·Average Systematic Errors 
Observea During the Instrument Evaluation 
Operator 
Instrumen-ts 
Bl 
(mm) 
B2 
(mm) 
Al 
A2 
.. 
A3 
NOTES: 
-0.15 -0.13 
-0.15 -0.08 
-0.10 -0.43 
-0.18 -0.28 
-0."25* -0.29* 
-0.17 -0.14 
-0.03 -0.34* 
-0.05 -0.12 
-0.04 -0.11 
Al to A3 - Instruments 
Bl to B4 - Operators 
* - Scanning 
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B3 
(imn) 
0.03 
-0.12 
-0.16* 
0.06 
-0.01 
-0.09 
0.04 
0 •. 0 4 
-0.08 
B4 
(mm) 
-0.33 
-0.47 
-0.31 
-0.49 
-0.39 
-0.46 
-0.16* 
-0.47 
-0.58 
10. 3 Sect.ion C: Operator Training 
Based on the ~esults of the instrument evaluation, 
an operator training program was initiated and the ultra-
sonic inspection procedure.developed to reduce the random 
and systematic error in the tube thickness measurements 
observed during the instrument evaluation. The revisions 
to the procedure included: 
(1) Calibration using round standards in~tead of flat 
standards to reduce the systematic error introduced into the 
tube measurements when an instrument is calibrated on flat 
standards and used to measure thi.ckness in round tubes. 
(2) A method to standardize t·he instrument gain 
settings prior to calibration. By placing the transducer on 
the 2.54 mm thick section of the round calibration tuJ:?e, 
the instrument gain is increa~ed or decreased until the 
amplitude of the ·resultant first back refl~ction is at 50 
percent of full ·screen height. At this point the gain is 
increased 18 dB for the Sonic FTS MK I or 12 dB for the 
Krautkra:mer-Branson USL-38 or USL-48. 
(3) . Thickness measurements were performed at one 
horizontal elevation across the tube surface with eight 
measurements per tube being made. 
(4) The number of reference standards measured prior 
to inspecting waterwall tubes was increased from three to 
ten to aid in a more accurate determination o:E the systematic 
errors in tube measurements over an expanded range of tube 
thickness. 
(5) Use of a least-squares linear regression model in 
order to reduce the effects of systematic measurement errors 
,, 
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found to occur in ultrasonic thickness measurements as 
outlined in Section 4.2: Thickness Monitoring Procedure. 
The three dayLtraining session devoted to ultrasonic 
inspection of waterwall tubes was held in Washington, D.C. 
The first day of the program consisted of a ~eries of lectures 
supplemented with instructional films, covering the basic 
principles of ultrasonics, including the advantages and the 
limitations of various ultrasonic inspection systems, refrac-
tion and reflection,· and the design and operation of ultra-
sonic transducers. 
The second day of the program involved "hands-on" 
operation of the primary and seco~dary test instruments. 
Each operator was instructed in the proper operation and 
calibration of the instruments. The operators learned to 
set the instrument gain required for. scanning the waterwall 
tube to determine minimum thickness and were shown the method 
of properly scanning a waterwall tube. After the instruc-
tional period ended, the oper~tors practiced calibration and 
scanning techniques on samples of waterwall tubes similar 
to those used during the instrument evaluation. 
On the third day each operator was required to pass a 
series of tests which included: 
(1) an examination dealin~ with ultrasonic theory, 
trarisduce.r construction, calibration techniques, etc. 
(2) a specific examination addressing the procedtire 
for measuring waterwall thickness at Morgantown 
(3) a practical examination using the primary.test 
instrument. The operator was evaluated on his ability to 
properly calibrgte the instrument and scan the tubes to 
locate the position of the ··m.inirnum tube thickness. 
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10.4 Section D: Post Operator Thickness Measurements 
Tests to determine the minimum detectable wastage 
I • 
rate expected using the revised thickness monitoring 
procedure (described previously in Appendix I, Section C: 
Operator Tr~ining) were conducted using 2 qualified opera-
tors. Each operator measured two .sets of 20 tube test coupons 
of the type used in the Instrument Evaluation and Training 
Programs. The measurements were then analyzed to determine 
the systematic and random errors, after which the measurements 
performed o.n the same test coupons by the individual opera-
tors were treated as if they were .taken during an actual 
boiler inspecti·on following 2000 hours of furnace operation. 
The average systematic and the standard deviation due 
to random error for both the unadjusted and adjusted 20 tube 
test coupon data sets are presented irt Table 24. The 
reference standard predicted average ·systematic errors and 
. 
standard deviation due to random errors are shown in Table 
25. The differences between the average adjusted thickness 
+ 
measurements for Operator A and B were -0.01 mm -0.02 mm and 
·02 + I ho h 0. mm -0-. 02 mm, respect1 vely. In eac instance t ese 
• 
differences were not statistically significant at ·the 95 
percent confidence level. Based on the standard deviation, 
Figure 11 the expected minimum detectable wastage rates were 
using 
. . 
determined to be between o .• 08 mm/yr and O •. 20 mm/yr for 2000 
hours of boiler operation. 
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TABLE 24 
20 Tube Test .Coupon Average Systematic Error and 
Standard Deviation due to Random Error Observed During the 
Post Operator Thickness Testing 
Unadjusted Adjusted 
Standard Standard 
Deviation Deviation 
Average Due to Average Due to 
Systematic Random Systematic Random 
Error Error Error Error 
Operator (mm) (mm) (mm) (rtun) 
+ :!:0.06 A 0.01 -o. 06 -0.05 
+ 
:to.09 B 0.25 - 0 .10 -0.04 
+ 
A 0.24 - 0. 05 -0.06 ± 0. 05 
+ 2:o.09 B 0.22 - 0 .10 -0.07 
·,r 
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TABLE 25 
Reference Standard Average Systematic Errors and 
Standard Deviation due to 
Random Error Observed During the Post Operator 
Thickness Tests 
Standard Deviation 
Average due to 
Systematic Random 
Error Error Operator (mm) (mm) 
A 0.07 :to.as 
B 0.29 + 
-0.09 
C 0.30 ±0.04 
D 0.27 ±o.os 
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11. APPENDIX II: ULTRASONIC INSTRUMENT CALIBRATION 
The ul tra_sonic instruments used for pulse-echo thick-
ness testing are- used to measure the amount of time it takes 
for a pulse of ultrasound to travel from the outer diameter 
of the tube being tested to the inner diameter and back to 
the search unit on the outer diameter of the tube. The instru-
ments elect.ronic circuitry then translates the time between 
when the pulse was sent out and then received in~o an 
equivalent distance which in this case represents the wall 
thickness of the boi.ler tube. 
Calibration of the test instrument involves setting 
up the instruments electronic circuitry using~ series of 
standards of known thickness so the instrument can reproduce 
these known values of thickness.· The range of thickness for 
these calibration standards depends on the thickness of the 
boiler tube being tested.~ During the thickness testing con-
... 
du·cted at the Morgantown Unit No. 2 boiler, the instruments 
are calibrated over the range of thicknesses expected for 
the Morgantown waterwall tubes, 2.54 mm -to. 7.62 mm, using 
a roun.d· calibration tube 31. 75 mm in outer diameter. 
Prior to calibrating t-he test instrument all switches 
and controls are checked to insure they are in their proper 
position. The check list for the Sonic FTS MK 1 is presented 
~s Table 26 ~ ~e. initial c_alibratio. n. ~£ .the test. inst~ument 
1s performed ou"tJs1de -the furnace. During the cal1br~t1on 
period and the ~ctual inspection, the orientation of the 
transducer is such that the acoustic shield i~ maintained 
perpendicular to the longitudinal axis of the tube being 
23· measured 
• 
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The inital setup of the Sonic FTS MK I is performed 
in the following manner: 
1. A 6. 35 mm diameter, 5-rnegahertz dual element 
transducer is connected to the instrument. 
2 •. The test instrument is connected to the battery 
charger, which is in turn connected to any available 120 
volt A.C. source. 
3. The instrument is turned on and the initial pulse 
on the CRT is set at the left most point of the CRT screen 
using the delay control. 
4. The instrument gain is standardiz·ed by placing the 
transducer on the 2.54 mm thick section of the round 
I I . 3 6 . 
calibration tube and the material control adjusted until 
the inital pulse is visible at ·midscreen on the CRT. The 
instrument gain is adjustetd unti...J. the amplitude of the resul-
tant back reflection is at 50 percent of full screen height! 
At this point the gain i~ increased by 18 dB for the primary 
test instrument or 12 dB for the· secondary test instrument: 
5. The initial pulse is then positidned to the left 
of the CRT screen between the O and the 1st division. 
Instrllf(lent calibration is then perforrneo. at two thick-
. 
nesses that cover the range of rneasurement.s expected for 
waterwall tubes, 2.54 mm and 7.62 mm. This is done by: 
a. Adjusting the delay and·material controls so the 
pulses are positioned on the CRT screen x-axis at the 
positions labell~d 2 and 6 respectively. 
36 b. The delay and material cal controls are then 
locked· and the thickness ad,apter is turned on by se.tting 
. I ,3 6 
the display control to the. "thk" setting .. 
) 
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c. With the trans.ducer on the 2. 54 mm thick section 
of the calibration tube the zero .control is adjusted until -
the digital display reads 2.54. 
d. The transducer is placed on the 7.62 mm thick 
section of the calibration tube and the velocity set control 
is adjusted until the digital display reads 7.62. 
e. Steps (c) and (d) are repeated until the digital 
readout displays 2.54 and 7.62 respectively . 
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Rear Controls 
Video: 
Filter: 
Rep Rate: 
Delay: 
Display Light 
Velocity: 
Range: 
Blocking Gate: 
Front Controls 
Reject: . 
Gain (Fine): 
Gain (Coarse): 
Gain (Trim): 
Freq. MHz: 
TABLE 26 
Sonic FTS Mk I Starting Points 
Position 
Norm 
Hi 
3K 
Lo 
On 
C 
2 in. 
Mid (Arrow on Knob pointing up) 
Position 
0 
7 
so 
Delay Coarse Switch: 
Turn all the way ccwA direction 
5 
l 
D.;EC (Start) : 
DEC (Slope): 
Damping: 
Power: 
Delay: 
Mat'l Cal: 
·Range: 
Mode Switch: 
Display: 
Angle: 
Mode: 
Velocity ~et: 
Zero Cal: 
NOTES: 
Turn all the way CCW direction 
Turn all the way CCW direction 
Min 
Off 
1 
0 
• 5 
Thur Trans 
Off 
00 - Path 
Dual 
Turn all.the nay_CCW ~irection 
8 turns in CW d1rect1ort. from zero. 
Zero being turned all the way CCW 
direction 
(A) CCW is counter clockwise 
(B) CW is c.lockwise 
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12~ APPENDIX III: INSPECTION DATA 
The thickness measurements (un-adjusted and 
adjusted) used in determining the wastage rates for 
normal and low o2 boiler operati~ns are presented in 
Tables 27 through 50. 
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TABLE 27 
Thickness Measurements (unadjusted and adjusted) Performed 9/84 at Site 1 
at the 25.6 meter elevation of the Unit No. 2 
North Furnace Before Normal o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 6 7 8 9 10 11 12 13 __ 14 __ 15 16 17 18 19 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • flp 
-- -- - - - --- - - - . 
~ 1: 1q6 1Q8 202 188 1g1 175 190 186 184 203 1g5 206 210 203 202 207 204 1Q3 197 
µ::J 2 I 1q7 l qb 203 190 194 175 189 189 181 1Q4 194 202 210 1gg 203 210 202 195 197 ~ 31 1Q8 1Q8 200 186 lQ3 171 18 6 180 180 lQQ- 194 199 206 196.205 1ga 201 193 193 
=:, 4 : 197 200 1q7 184 1g3 176 188 187 1 78 195 1Q5 lQB 212 205 204 199 200 190 195 z 51 196 201 200 191 190 172 195 193 182 201 198 207 200 202 205 203 1g6 190 195 
to? 6: 19b 1 QB 202 188 190 178 190 186 185 204 198 207 211 200 197 209 196 1Q3 198 P 7Z 1Q6 199 200 188 191 176 lQO 191_187 2 0 0 1 ~ 2 _ 2 0 6 __ 2 1 3 __ I 9 8 __ 2 0 7 _ 206 203 190 195 
P:: 8: 197 198 200 1 go 191 177 19 3 190 187 203 193 204 213 205 201 20·1 202 193 197 
. 
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
----i----- 2·- --· 3 ·-- --· 4 -- -··- ---5 ·--·- - 6----- ---- 7 ·----···-- 8 -·--·-- 9 --·-- 1 d ---- 1 i ·-"' 12 ---- i "j ----·- ·14 . . ~ . . . . .... . . 15 16 - 17 18 1q 
~ 11 201 203 207 193 196 180 195 1g1 189 209 200 212 2i6 209 207 213 210 198 202 ~ 2. 202 201 20Q 195 1 QQ ~- 80 194 194 186 1Q9 19Q 207 21 t, 204 209 216 207 200 202 ~ 3i 203 203 205 1g1 1 Q8 1 76 191 185 185 204 19g 204 212 201 211 203 206 198 198 ~ 4: 202 205 202 189 198 181 193 19.2 183 200 200 203 218 211 210 204 205 195 200 
z 5: 201 206 205 196 195 177 200 198 187 206 203 213 2 05 207 211 209 201 195 200 
z6: _ 201 _203_ 201 193 195 183 195 1 Ql 190 210 203 213 217 205 202 215 201 198 203 
~71 201 204 205 193 196 181 1 Q 5 196 192 205 197 212 21q 203 213 212 20g 195 2 00 e: 202 203 205 195 19b 182 1Q8 195 192 209 198 210 21q 211 206 213 2. 07 198 202 
20 
196 
196 
190 
194 
197 
1Q2 
1qa 
196 
20 
201 
201 
195 
199 
202 
197 
203 
201 
j--1 
t-=' 
°' 
~ 
~ 
o:l 
~ 
C) 
z 
z 
::, 
11 
21 
31 
TABLE 28 
Thickness Measurements (unadjusted and adjusted) Performed 9/8'4 at Site 2 
at the 31.7 meter elevation of the Unit No. 2 
1 
234 
233 
233 
North Furnace Before Normal o2 Operations 
2 3 4 5 6 7 
• • • • • • • • • • • • • • • • • 
·--·--·--------· --- ·-··- -- ·------- -- . -- . -· 
245 2 43 240 250 248 235 
241 247 239 247 245 236 
241 242 2 46 246 244 238 
TUBE NUMBERS 
8 9 10 11 12 13 14 15 16 17 18 19 20 
THICKNESS IN MILS 
UN-ADJUSTED DATA 
ftp 
• ••••••••••••••••••• 
·-· - --· .. -·-- .. ·- - . --·---·- -- - - . -- - ------ --- --- --- ---- - ---- -- -------- -- -- -- ·---- --- ·- - -
244 230 233 230 2 31 235 237 233 233 237 
237 225 226 22Q 231 234 228 226 227 238 
246 228 228 231 226 233 229 236 231 236 
. . - ----. - . 
234 2 36 222 
237 240 22 3 
238 23g 221 
~: .... 2 2 7 242···243 24b 247 ·241 229 23g 231·228 237 236. 237· 233··232 229 237 236 237· 221 51 232 247 241 242 248 247 231 240 236 230 228 229 231 233 2 35 234 233 234 233 22 5 
61 223 2 4 2 246 239 244 243 235 238 229 230 224 229 232 236 230 234 235 241 233 224 1: 237 244 241 243 244 245 231 242 234 232 232 234 237 238 234 231 237 234 237 227 ~ -·a 1- 2 2 q-- z 4 4-·--2 4 2 ---2 4 5--- 2 4 3 · · 2 4 1- 2 z a · · 2 4 3 
·235 ·2.2a ·231·-229··230 231-··235··232·236·234 ·232 231 
--·--·-- - --···-··· --- . --- -·- ----·· -- - . . .. - . ·-- .. - . -- .. . - ..... - . - -
.. 
. . . -- . . -- . -·· .... ... -·- - - . . . -- . - . . -· - - . 
. - ... 
•••••••••••••••••••• ADJUST·EO DATA • ••••••••••••••••••• 
~ 1 ·-z. 3 ,.---5--0--·-7· ··a --- ·-9--·-i o----~ 1--·-·1·2-·-·13·--1-4· -·-· 1 ·5--~16- -· 1. 1 ---···1 a -·-·· 1--9····---2 o ·--~ 
~ 
~ 11 247 258 256 253 263 261 248 257 243 24b 243 244 248 250 246 246 250 247 24q 234 ::, 2: 246 254 2b0 252 260 258 249 250 237 238 242 244 247 241 238 240 251 250 2 5,3 235 z 3: 246 254 255 2 59 259 257 251 259 241 241 244' 238 246 242·249· 244 249 251 252 233 
'\ ~ 4: 240 255 256 259 260 254 242 252 .244 241 250 249 250 246 245 242 250 249 250 2·3 3 
. '.-1 5: 245 260 254 2 55 261 260 244 253 249 243 241 2 42 244 246 248 247 246 247 246 237 ~ 61 235 255 z5q 252 257 256 24 B 251 242 243 236 242 245 249 243 247 248 254 246 ~36 
--11 -250· 251· 254 2 5b 257 258 244 255 247 245 245-247' 250 251 247 244 250 247 2 50 40 
es 242 257 255 258 256 260 241 256 248 241 244 242 251 244 248 245 249 24 7 245 244 
.'f' 
TABLE 29 
Thickness Measurements (unadjusted and adjusted) Performed 9/84 at Site 3 
at the 31.7 meter elevation of the Unit No. 2 
North Furnace Before Normal o2 Operations 
TUBE NUMBERS 
. _____ 1 _______ z ______ 3 --------". __ . s ____ 6 .... __ 1 ____ a .. 9 .10 11 _ 1z _______ 13 __ 14 --15 -16 .. 11 1a 1q . 20 
THICKNESS IN MILS 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DATA •••••••••••••••••••• 
----------- ----~---------· --· - -- ·- --· -· . ...-- - --------- - .. -·--- .. - ·- ·- - .. -- .. -· ----- - -- ·--- - ----- - ---------- ------ ·--- -· -------· ----· - ---- --- - -----·- -- -------- ·----- . -- -- ' 
~ 1: 240 237 236 237 246 238 230 243 248 245 252 245 226 198 195 193 179 200 188 191 ~ 21 237 240. 237 234 244 240 234 245 247 24b 250 246 228 197 191 195 181 l9Q lQl 196 ~ 31 242 236 236 235 244 238 230 240 247-246 249 244 -228 202 195 193 176 200 184 191 ~ ~I 241 239 238 237 245 236 233 244 250 243 250 241 224 195 196 192 180 195 188 190 Z 5: 239 237 241 237 246 239 229 245 246 245 252 245 226 200 195 193 178 200 188 192 z 6: 239 238 235 236 245 238 ·230 242 248 245 251 244 226 19Q 193 194 180 200 188 192 o -7 : __ 2 41 .... 2 3 5-2 3 4 .... 2 3 5 -2 4 5 -- 2 3 6 .. Z 3 0 ·-· 2 4 5 __ 2 4 7 ... 2 4 7 - 2 4 q ___ 2 4 4 __ 2 Z 5 .. 1 Q Q -- .1 q 8 .... 1 9 7 -1 8 0 -1 9 7 - 1 8 b - 1 9 8 ~ 8: 245 240 239 237 250 240 229 245 250 247 251 249 227 200 197 196 180 202 191 195 
-------- - ····--------- ---------- ·---- ----- --------·--- '. - ·------·-·- ..... ----· - --·-·--- ---------------------- ------ . ···- .. -
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
----------------· -.Ji>-- ·----l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
~ 11 245 242 241 242 252 243 235 248 254 251 258 251 231 201 198 196 181 203 191 194 ~ 21242 245.242 239.249-245-239 251.253 252 25b--252---233---200-1Q4-198-l83 202 1q4 199 ~ 31 247 241 241 240 249 243 235 245 253 252 255 249 233 205 1Q8 196 178 203 186 194 ~ 4: 246 244 243 242 251 241 238 249 256 248 256 246 228 198 199 195 182 198 191 193 Z 5: 244 242 246 242 252 244 234 251 252 251 258 251 231 203 lQB 196 180 203 lQl 195 z.61-244--243-240 241-251-243235 247 254 251-257 249 231-202 196-1Q7 162 203 191 195 e 11 246 240 z39 240 251 241 235 2s1 253 2s3 255 z4q 230 202 201 200 1a2 200 1a9 201 ~ 81 251 245 2~4 242 256 245 234 251 25~ 253 257 255 232 203 zoo 19Q 182 205 194 1Q8 
( 
TABLE 30 
Thickness Measurements (unadjusted and adjusted) Performed 9/84 at Site 4 
at the 35.2 meter elevation of the Unit No. 2 
North Furnace Before Normal o2 Operations 
TUBE NUMBERS 
_______ 1 _____ 2 _______ 3 _____ 4 ______ 5 ---- 6 ________ 7 ..... 8 --· .9 ... 10 ... 11 ____ 12 ___ 1_3 _____ 14 ____ · 15 _____ }6 __ 17 .. 18. 19 20 
THICKNESS IN MILS 
•••••••••••••••••· UN-ADJUSTED DATA •••••••••••••••••••• 
----------·-- ·----- ----------·- ·•··· 
: 11 133 152 138 123 133 125 125 124 123 136 120 125 135 145 168 125 126 133 136 124 ~ 21 135 154 140 121 137 131 125 127 llQ 138 123 122 137 141 171 126 128 135 140 122 ~ 3: __ 135154 ... 140125.135.132.127 123 l23.137.119123 .. 13b.147 .. 170.123.128 135.135 126 z 4: 135 154 137 125 131 135 124 125 121 137 122 126 137 146 169 124 124 135 137 125 51 132 154 138 125 132 135 127 125 121 137 119 127 136 147 171 123 124 131 137 122 z 6: 135 153 140 125 131 132 124 125 124 137 122 123 137 147 169 125 128 135 138 126 ~ _lJ_l 3 5_15 l __ l 3 9 ___ 12 5_13 5 __ l 3 6 __ 12 7 ____ 1 Z 5 __ 12 5 ___ 13 5_121_._12 6___13.~ __ l 4 5 ___ 1b7 __ 125 _ _12 5 __ 13 'j ___ l 3 6_ 12 5 8 : 13 4 1 5 3 13 7 1 2 5 1 3 4 l 3 5 12·7 12 2 12 5 1 3 7 12 2 12 4 13 5 14 2 16 9 12 7 12 5 1 3 4 1 3 8 12 5 
--- .. ·---------·--·-----··-·-·········-····-······-··· ...... ·i.:··· ··-·--·--··· . - ----··-····-··· ·-·· -· --··-----------·- --- ··- - -·- ··--- ······--··· -~-- ······---·· 
•••••••••••••••••••• ADJUSTED DATA •••••••••••••••••••• 
1 2 3 4 
~ ,. 
~ 1: 142 161 147 131 ~ z: .144 163 14q· 129 
::J 3 I 14 't . 16 3 149 1 3 3 
z 41 144 163 146 133 
51 141 163 147 133 5 . 6 I ____ 14 4 ·-· 1 6 2 -· 1 't 9 1 3 3 ~ i: 1:~ l~~ f ~g l ii 
5 
142 
146 
144 
140 
141 
140 
144 
143 
6 
133 
140 
141 
144 
144 
141 
145 
144 
7 
133 
133 
135 
132 
135 
132 
135 
135 
- -~--- ~--- -~-- ~------------~ ---··--·---------------·--·--·-----8 9 10 11 . 12 13 14 .. 15 
132'131 145 128 133 144 154 178 135 127_147.131. 130.146.150.181 131 131 146 127 131 145 156 180 133 129 146 130 134 146 155 179 
133 12g 146 127 135 145 156 181 133 132 146 130 13114615617q 
133 133 144 129 134 143 154 177 130 133 146 130 132 14~ 151 179 
16 17 
133 134 
134.136 
131 136 
132 132 
131 132 
133 136 
133 133 
135 133 
18 19 . 20 
142 145 132 
144 149 130 
144 144 134 
144 146 133 
140 146 130 
144 147 134 
144 145 133 
143 147 133 
,, . 
TABLE 31 
Thickness Measurements (unadjusted and adjusted Performed 9/84 at Site 5 
at the 35.2 meter elevation of the Unit No. 2 
North Furnace Before Normal o2 Operations 
TUBE NUMBERS 
1 . . 2 ·- .. _3 -- . 4 ·- . 5 6 . . . 7 ... 8 . . 9 . _ 10 . 11 12 --·- 13 ·----14 _ 15 -- 16 1 7 18 1 q 2 0 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA •••••••••••••••••••• 
-·--··· ·--·-·--·--· - --· - .. -·-- ---·- --------·----- -- ---·------- --- ----------------- - -- -------· - ----------- ·---· ·-------------------------~---- .... ---
~ 11 205 219 226 198 206 210 257 265 258 258 235 235 221 231 218 218 211 20Q 216 217 ~ z, 207 220 227 197 206 211 255 265 255 259 237 235 222 230 219 218 213 209 218 217 ~ 3: 206 ZlQ.225 198 206 208 258 267 258 259-235 235- 220-233 -217 218 210-209 216 217 D 4Z 205 220 22b 199 205 208 260 265 261 258 236 236 221 234 218 220 211 209 215 217 
Z 51 205 220 226 1q9 205 210 259 265 260 260 236 235 220 231 218 218 211 210 216 217 
z 61 207 219 225 198 206 210 258 265 260 258 236 236 220 230 220 221 210 209 218 218 
D -7 1 __ 2 0 4 _ 21 B-2 2 4-1 9 7 -2 0 5 --· 2 0 8 -. 2 5 8 -- 2 6 3. -2 5 8 -- 2 5 7---- 2 3 4 ---2 3 5- -2 2 4 -2 2 9---211- -- 21 7 ---210 ---- 2 0 8 .. 2 1 5 --· 21 7 ~ a: 203 21a 224 197 205 zoa z51 264 258 256 235 234 220 230 211 21a 210 20a 216 211 
---··----------·-·----·-------· -·- . - -·· -···- -----···· - ----· -- ·---------·-·-. -- -- - ··---··· ... ----·-·- -------------------·--· - ····------·--·--· -··------ ··- ..... -------- -·· - -·· 
•••••••••••••••••••• ADJUSTED DATA •••••••••••••••••••• 
1 Z . 3 4 
~ 
~ 11 210 225 232 ·203 
~ 21-212 226 233 202 
~ 31 211 225 231 203 
Z 4: 210 226 232 204 
z 51 210 226 232 204 
D 6% ... 212 -225. 231-203 
~ 71 209 224 230 202 
81 208 224 230 202 
5 6 7 a 
211 215 264 272 
211-217-262-272 
211 213 265. 274 
210 213 267 272 
210 215 266 272 
211 215 265 272 
210 213 265 270 
210 213 Zb4 271 
9 
2b5 
262 
265 
268 
2b1 
267 
265 
265 
-------~--~. -------------·-· --· 
10 11 12 13 14 15 
265 241 241 227 237 224 
266-243--,241--228 236-225 
26b 241 241 22b 239 223 
265 242 242 227 240 224 
267 242 241 226 237 224 
265 242-242--226.236226 
264 240 241 230 235 223 
263 241 240 Z2b 23b 223 
16 17 18 
224 217 214 
224 219- 214 
224 215 2l't 
226 217 214 
224 217 215 
227 215 214 
223 215 213 
224 215 213 
19 20 
222 223 
224 223 
222 223 
221 223 
222 223 
224-224 
221 223 
222 223 
t-' 
N 
0 
·•' 
TABLE. 32 
Thickness Measurements (unadjusted and adjusted) Performed 9/84 at Site 6 
at the 35.2 meter elevation of the Unit No. 2 
North F~rnace Before Normal o2 Operations 
TUBE NUMBERS 
_ _ _ _ -- ___ l __ . 2_ .. --- . 3 4_ 5 6 7 R Q 10 .11 12 _ 1 3 . . 1 4 --· . 15 -- . 16 1 7 _ 1 8 19 
THICKNESS IN MILS ,, 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
---------·--------4-..... ----- --··-----·· --· ··-· -··-··.. --- ··-·-·-- --· .. ····-----·----- ------------- ---------- ---------- -·-···--------~----- ---· --- ---- .. ·-- ······ - --- -- .. 
~ 11 241· 240 248 237 240 248 238 ~ 21 240 240 246 237 240 246 238 ~ z: ~~i ~ti~:~~~~ ~4~ ~i9 ~i~ 
Z 5i 240 240. 248 237 240 248 237 
z 61 242 240 246 238 240 248 239 ~ _7 1 ___ 2 4 2 --- 2 4 0. __ 2 4 8 _ 2 3 5 _ 2 3 9 . 2 4 6 _ 2 4 0 ~ a: 243 240 247 237 240 249 z3q 
237 230 232 232 236 223 229 217 225 
2 3 6 , ... 2 2 8 2 3 2 2 3 0 2 3 5 2 2 3 2 2 8 2 1 7 2 2 4 
238 230 231 230 236 222 229 216 227 237 230 233 234 237 224 229 218 227 236 231 232 231 236 222 229 21g 225 237 230 234 232 236 225 229 220 225 2 3 5 2 3 0 . 2 3 2 ·- 2 3 2 . 2 3 6 __ 2 2 4 -· 2 3 1 . 2 18 . 2 2 5 237 230 232 232 235 225 230 217 225 
232 
232 
234 
232 
232 
231 
232 
231 
• • • • • • • • • • • • • • • • • • • • ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
-----·--~-- ----.··--····---·----- ...... --··-------·-· --·--- ·- ----·- ... - . ···--···- -· ....... --~-·-····· ... ··-- ·-·-····-----.. ~---· ....... --...---.---·--·· - - .. __.,,. ............. .--... ---~... ·-·· -- ..... 1 2 3 4 5 ~-" 6 7 8 q 10 11 12 13 14 15 16 17 
'\i,'. 
~ 11 " 247 246 2 54 243 246 254 244 243 236 238 238 242 228 235 222 230 238 ~ 21 246 246 252 243 246 252 244 242 234 238 236 2 41 228 .234. 222 229 238 ~ 3 s 24Q 244 253 242 246 252 24 3 244 236 237 236 242 227 235 221 232 240 ~ 4: 24 7 246 255 244 249 253 24 5 243 236 239 240 243 229 235 223 232 238 :Z 5 I 246 246 254 243 246 254 243 242 237 238 237 2 42 Z27'235 224 230 238 z __ 6 : ____ 2 4 e _ .. z 4 6 . 2 5 2 244 Z4b 254.245 243 236.240.238 242 230.235 225 230 237 o 1: 248 246 25ft 241 245 252 246 241 236 238 238 242 229 237 223 230 238 
~- a: z4q Z4b 253 243 24b 255 245 243 23b 238 238 2 41 230 236 222 230 237 
221 
221 
222 
223 
223 
222 
221 
221 
. . . . - . . ........ -. 
224 
2 23 
225 
225 
224 
223 
224 
223 
. . -· .. 
18 19 
226 229 
226 228 
221 230 
229 230 
228 ?29 
227 228 
226 22Q 
226 228 
20 
--
22 5 
225 
225 
225 
224 
225 
226 
22 3 
20 
230 
230 
230 
230 
229 
230 
231 
22 ~ 
t-J 
t\J 
t-J 
TABLE 33 
Thickness Measurements {unadjusted and adjusted) Performed 9/84 at Site 7 
at the 31.7 meter elevation of the Unit No. 2 
South Furnace Before Normal o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 6 7 8 Q 10 11 12 13 14 15 16 17 18 19 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTfD DATA • • • • • • • • • • • • • • • • • • • • 
0::: .. - - - -- ..... . . .. -- .. . - - - - -- . -- - ·- - ·-- - - - - - - - -·· .. - ---- ·----- -- - . - . - - ... 
~ 11 z5q 255 z54· 264 253 181 198 1q1 201 217 220 217 196 202 205 190 194 198 lQO ~ z, 257 255 254 265 254 184 196 192 205 216 219 218 195 201 204 1 a·q 193 19b 190 ~ 3 t 258 254 254 264 254 182 1Q6 190 205 216 219 217 195 199.203 18Q 192 1q7 189 z 4: 257 254 253 266 2 52 185 195 189 205 214 219 216 196 1·9a 2 os 1q1 191 197 190 z 5: 257 255 253 264 2 55 181 195 189 202 217 217 21g 193 202 203 188 195 199 182 ~ 6: 254 251 254 269 253 181 194 189 203 216 221 218 1q6 1Q8 204 188 191 l 9~ 188 ~ 71_257 253 -255 266. 254 183 1Q7 1Q2 205 218 220 217 --19 7. 203.204 190-191 198 192 8: 2b0 2)7 253 267 257 186 198 193 203 218 221 215 195 201 202 190 195 199 191 
• •• • • • • • • • •, •. •. •... ADJUSTED DATA ••••••••••••• , ••••.•• 
. . . . - . .. . --· -· - . . ... . ... . -- . . . . .. 
.. . . ....... 
.. . - -· . . - .. -. - . . -· .... . .............. •••••• ••• " "'""' '"""'"' ..... ~-r,--. •••• ·• •••-••••,....•·•·•••• ,.,_.. ·•·• • r••• -~-·•• ••• -• ,, ... . ... 
0::: 1. 2 3 4 5 b 7 8 q 10 11 12 13 14 15 16 17 18 1q 
~ 261 257 256'. 266 255 181 1qa 1q1 202 196 206 1go 194 198 1go ~ 1 s 218 221 218 203 ~ 2J 259 257 256 267 25b 184 196 1q2 206 217 220 219 195 202 205 189 193 1Q6 190 ~ 31 260 256 256 Z 66 2 56 182 196 190 206 217 220 218 195 200 204 lBg 19 2 197 189 z 4: 259 256 255 269 254 185 195 18() 20b 215 220 217 }Q6 198 206 191 191 197 190 
z 51 z5q 257 255 2b6 257 181 1g5 189 203 218 218 220 193 203 204 188 195 200 182 
::, 6 J 25b 253 256 2 72 2 5 5 181 194 I8Q 204 217 222 219 196 198 205 188 lQl 1Q6 188 ~ 71 259 255 257 269 256 183 197 1Q2 206 21'1 221 218 197 204 205 lQO 191 198 192 a: 262 25Q 2;5 270 zsq 186 lQB 1Q3 204 21() 222 216 1q5 20? 203 190 1g5 200 191 
20 
197 
1Q5 
194 
198 
200 
196 
197 
195 
20 
1g7 
195 
194 
198 
201 
196 
197 
1Q5 
t--J 
N 
N 
~ 
~ 
o:l 
~ 
~ 
z 
z 
~ 
TABLE 34 
· Thickness Measurements {unadjusted and adjusted) Performed 9/84 at Site 8 
at the 31~7 meter elevation of the Unit No. 2 
South Furnace Before Normal o2 Operation$ 
TUBE NUMBERS 
. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1g 
THICKNESS IN MILS 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DA.T4 • • • • • • • • • • • • • • • • • • • • 
·-·-····--------· ··-·· ------· .............. - -- ··- --- . - - - -· -- - . -
. . 
. - . --· - -- - - -··- - -··- -- . - ------· - - -- ·- -- - .. - . - - . . 
l i 235 229 227 233 2 34 224 228 232 228 235 237 237 2 40 237 23q 239 233 230 2 34 21 230 226 231 237 227 228 222 229 224 233 233 233 234 235 237 235 231 225 233 31 234 228 230 237 233 228 226 230 228 ,239 238 236 240 239 239 239 236 233 238 4: 232 230 228 2 33 229 224 222 228 225 234 236 238 233 237 237 238 233 227 236 5: 236 230 233 237 236 230 226 231 230 241 23Q 244 241 239 242 243 237 233 240 6: 237 233 233 238 2 34 229 228 232 232 241 242 245 241 239 241 241 237 234 238 71 236 232 232 238 234 2 31 228 230 230 238 241.241 240 238 240 238 235 233 240 a: 235 232 233 238 234 228 227 232 230 240 242 242 240 238 241 240 236 232 236 
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
20 
236 
236 
237 
23 5 
241 
238 
237 
23 5 
___ . ..__ 
··--·· ._ ___ ... -· _____________ ,,_ ........ _._ -~-----·-.---.-- .. ·-·-···-· ~- ... ,.. ____ -·-· ·--· .......... ...-- ... -..... -·---· .. ·----- ...... --··-··--·---·~·--- ... ·--- ...... -.. --.. ------- ·····--·-·-··---· .............. -.~······"········- ...... · . ..... . .. - . l 2 3 4 5 6 1 8 9 10 11 12 13 14 15 16 17 18 19 20 CI:: 
244 µ-1 11 243 237 234 241 242 231 236 240 236 243 245 245 248 24 5 247 247 241 238 242 
'1:l 21 238 233 z3q 245 234 236 229 237 231 241 241 241 242 243.245 243 23Q 232 241 244 ~ 3 I 242 236 238 245 241 236 233 238 ?36 247 246 244 248 247 247 247 244 241 246 245 C) 
. z _4 z 240 238 236 241 237 231 229 236 232 242 244 246 241 245 245 246 2 41 234 244 243 5 I 244 238 241 245 244 238 233 23q 238 249 247 2 52 249 247 250 251 245 241 2 48 249 5 6 i -- 2 4 5 . 2 4 1 . 241 .246 .. 242 237 236 240 240 249 250 253 249 247-249 249 245 242 246 246 ~ 71 244 240 240 2 46 242 23Q 236 238 238 246 249 24Q 248 246 248 ,246 243 241 248 245 8t 243 24C 241 246 242 236 234 240 2 38 248 250 2 50 248 246 24q 248 244 240 244 243 
~ 
l\.) 
w 
P:: 
~ 
co 
TABLE 35 
Thickness Measurements (unadjusted and adjust·ed) Performed 11/84 at Site 1 
at the 25.6 meter elevation of the Unit No. 2 
North Furnace After Normal o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 1 8 g 10 11 12 13 14 15 16 17 18 1g 
/ __ ( THICKNESS IN MILS 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
--- .. ---· --- ---- ---·· .. ·-- . --·--··· 
11 191 192 197 178 182 175 180 1 72 176 1 qo 188 202 198 200 1ga 1g4 190 189 188 
2: 1 Q3 190 199 175 185 173 18 2 175 173 189 188 200 201 199 197 197 189 188 192 
20 
196 
lQB 
~ 3: 189 1q1 1q1·116 182 1 76 18 0 172 174 1 QO IQO 202 1Q7 20 l 1Q8 1q5 192 189 1sg 196 
::J 4: 192 193 196 180 183 175 179 175 176 191 188 200 1g7 199 198 192 .. 190 l q 0 189 194 z 5: 191 193 1gg 178 180 1 76 1BO 173 174 189 188 198 197 199 196 194 190 189 1sg 195 
z 6: lQl 192 196 l 80 181 178 180 1 75 176 190 1ag 202 199 201 lQB 193 190 187 188 1Q6 
::::> 1: 192 193 1Q5 180 181 177 180 174 176 lQl 190 202 199 201 196 1g4 1g2 191 191 195 
0::: ar--190 ··193-1q5-11a 181 175-179 174 175 1 go 189 200-198 1gg 1ga-195 190 190 191 196 
•••••••••••••••••••• ADJUSTED DATA ···•••••••••••••••••• 
-----· 1-- ---- 2----~--------- 4 ----. --·5 ··- - --·· 6 . -·-- 7 · · · a·· -- --· q · ---· t'10 · -· · --11 -·······12 -- ·-·1·3 --·-· 14· · ·-··· 1 s· ··-·16 ··· · ·· 11 ···- · 1 a 1 q .. 20 
" 
0::: ~· ~ 1: 200 201 206 187 191 184 18 Q 181 185 199 lCJ7 211 207 20g 207 203 199 198 197 205 
tl:l 2 s 202 1Q9 208 184 194 182 191 184 182 198 197 209 210 208 206 206 198 1Q7 201 207 
~ 3S 198 200 2 06 185 1q1 185 189 131 183 1qq 19Q 211 206 210 207 204 201 1Q8 l '18 205 
::::> 4 • 201 202 205 189 1 G2 184 188 184 185 200 197 209 206 208 207 201 199 199 198 203 
z 5i 200 202 208 187 18Q 185 lAg 182 183 198 197 207 206 208 205 203 1gg 1gs 198 204 
z 61 200 201 205 1 89 190 187 1aq 1~4 185 19g 198 211 208 210 207 202 l9Q 1Q6 1 9 7 205 
. ::::> 7 : 201 202 204 l 8Q 190 186 18Q 183 185 200 199 211 208 210 205 203 201 200 200 204 ~ 8: 1gg 202'204 187 190 184 188 183 184 19g 198 20Q 207 208 207 204 1 qq 199 200 205 
I-' 
N 
~ 
~ 1: 
~ 21 
~ 31 
::, 4 • 
z 5; 
Z 6: 
::J 7 r ~ 8: 
. a 
TABLE 36 
Thickness Measurements (unadjusted arid adjusted) Perfor~ed 11/84 at Site 2 
at the 31.7 meter elevation of the Unit No. 2 
North Furnace After Normal o2 Operations 
TUBE NUMRERS 
0 
1 2 3 4 5 1 8 9 10 11 12 13 14 15 16 17 18 lQ 20 
243 244 
243 245 
245 244 
244 244 
243 245 
242 244 
243 242 
244 246 
• • • • • • • • • • • • • • • • • 
THICKNESS IN MILS 
UN-ADJUSTED DATA 
249 239 248 238 241 238 236 235 237 240 
24A 239 246 240 241 237 236 234 234 242 2 50 2 35 248 237 240 238 237 235 234 2 41 
24g 2 38 248 237 240 238 236 234 235 240 2 50 2 34 249 2 38 240 238 236 235 235 2 41 
248 238 249 237 240 239 235 235 236 239 247 2 33 246 237 240· 2-37 235 235 234 239 
250 235 249 237 242 238 235 235 235 239 
• • • • • • • • • • • • • • • • • • • • 
7.3g 235 238 232 247 
239 236 237 231 248 
238 235 239 232 246 
239 235 23E 231 247 
239 234 238 232 246 
239 234 2 38 234 247 
240 236 234 238 234 
241 233 239 233 245 
•••••••••••••••••••• ADJUSTED DATA ' ................... . 
245 240 232 
246 239 232 
245 239 232 
245 239 232 
243 241 233 
242 240 232 
246 z3g 231 
244 236 231 
-- ·-·-~ 1 ·· -- ·z--- ··-· 3 .... 4 . 5 .. ·- 6 . . .. 7 - .. 
·e ·- ~ --·· .. .... 12 ... ·-·· 13 .. ···-·14 ... . . ..- - . 18 1q 20 g 10 11 15 16 17 
~ 
~ 11 245 246 251 241 250 240 243 240 238 237 239 242 241 237 240 234 249 24 7 242 234 i:.o 2 : 245 247 2 50 2 41 248 242 243 23Q 238 236 236 244 241 238 239 233 25C 248 241 234 ~ 3. 247 246 2 53 2 37 250 239 242 240 239 237 236 243 240 237 241 234 248 247 241 234 0 4: 24b 246 2 51 2 40 250 239 242 240 238 236 237 242 241 237 240 233 249 247 241 234 z . 5 I 245 247 253 236 251 240 242 240 238 237 237 243 241 236 240 234 248 245 243 23 5 z 6: 244 246 250 240 251 239 242 241 237 237 238 241 241 236 240 236 249 244 242 234 O 71 245 24~· 24q 2 35 248 23Q 242 23Q 237 237 7. 3 6 241 242 238 236 240 236 248 241 233 ~ 8: 246 248 253 237 251 239 244 240 237 237 237 241 243 235 ?41 235 247 246 238 233 
TABLE 37 
Thickness Measurements (unadjusted and adjusted) Performed 11/84 at .site 3 
at the 31. 7 meter elevation .of the Unit No. 2 
North Furnace After Normal o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 lQ 20 
••••••••••••••••• 
THICKNESS IN MILS 
UN-ADJUSTED DATA 
""' 
fl 
• • • • • • • • • • • • • • • • • • • • 
~ 1: 252 241 238 246 250 236 238 238 248 245 256 247 233 1g3 179 175 171 180 175 183 ~ 2: 252 242 238 245 251 238 238 239 247 246 253 246 232 193 180 173 181 182 176 185 ~ 31 254 241 238 246 249 ·238 237 238 247 245 255 245 234 192 180 172 172 179 175 185 ~ 4: 251 242 236 245 251 236 239 238 247 245 252 246 234 194 180 175 173 179 176 184 Z 5: 252 243 237 243 248 238 239 240 250 245 255 246 230 191 178 175 172 180 175 183 Z 6: 250 240 239 244 249 236 238 238 246 244 250 245 231 192 178 175 171 179 174 184 ~ 1: 248 240 245 249 239 23a 231 23a 248 243 ?.53 z4q 230 190 1a1 111 113 179 113 1ao 8: 252 239 237 246 251 234 238 238 249 245 250 243 233 191 183 174 175 181 174 183 
• • • • • • • • • • • • • • • • • • • • . ADJUSTED DATA ••••••••••••••••••••• 
·-·-·- ·-··· 1· - ···- -2. -.... ·3 . ·- -· 4 . .. . 5 .. ·- .. ...... . .. . . . ' . 
18 19 20 6 7 8 9 10 11 12 13 14 15 10 17 
~ ~ 11 263 251 248 257 261 246 24 e 248 25Q-2y5 267 258 243 202 187 183 179 188 183 lQ 1 ~ 2: 263 252 24 8 255 262 248 248 24Q 258 257 264 257 242 202 188 181 189 190 1 e. 4 193 ~ 3. 265 251 248 257 260 248 24 7 248 258 255 266 255 244 201 188 180 180 18 7 183 193 0 4: 262 252 246 2 55 262 246 24Q 248 258 255 263 257 244 203 188 183 181 187 184 192 z . 5: 263 253 247 253 259 248 249 250 261 255 266 257 240 200 186 183 180 188 183 191 Z 6: 261 250 249 254 260 246 24 8 248 257 254 261 255 241 201 186 183 179 187 182 192 ~ 71 259 250 255 260 24q 248 247 248 259 253 264 260 240 19g 189 185 181 187 181 188 a: 263 249· 247t>257 262 244 7.4 8 ?. 4 8 260 255 261 253 243 200 1 Ql 182 183 189 182 1 Q 1 
• 
TABLE 38 
Thickness Measurements (unadjusted and adjusted) Performed 11/84 at Site 4 
at the 35.2 meter elevation of the Unit No. 2 
North Furnace After Normal o2 Operations 
TUBE NUMBERS 
1 
.... 
8 9 10 11 12 13 14 15 lb 17 18 19 20 z 3 4 5 6 7 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA 
,,,., 
-------- -· -----· ----·- - .. ····--·-··· ·-·· ---·-·· ... - --- ... . . . .. 
•••••••••••••••••••• 
~ 11 142 142 132 134 118 1Z4 124 124 113 131 128 123 147 148 177 124 133 125 134 124 ~ 2Z 141 142 133 133 118 133 124 125 114 132 129 124 ]45 149 176 125 133 125 133 125 ~ 3: 142 141 133 133 117 135 123 125 114 133 127 123 148 148 176 125 133 124 132 125 
:::> 4: 141 140· 133 133 120 134 122 123 115 133 129 125 148148 178 123 131 127 136 127 
Z 5: 140 141 133 137 120 132 126 125 112 133 130 124 150 14b 175 127 131 123 135 122 
z 6: 143 141 130 137 121 136 122 124 115 130 128 125 147 14Q 179 126 134 126 133 123 
o 7: 144 143 133 137 120 136 126 125 115 13.0 126 124 148 149 179 126 131 127 136 126 ~ ··-a: ·- 14 4 -1 4 2 -13 4 1 3 o 12 o 1 3 6 12 5 1 2 2 11 s 1 3 3 13 o 12 5 · 1 so 15 o 179 12 5 1 3 s 12 1 13 6 12 6 
·----- --- --------- .. ·------·---. -·-· ...... -· -·- ... , 
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
1· ··z·--~---·-,.--··5--··---·o·-----··-·-·7-·-----a··---·g·-·--1·0--·--.. 11·---12·-·--~··3--·ii.--··1·,···---16·--11 · ··· .. 1a·---·1 g ··· 20 
~ • • 143 143 133 135 118 135 125 125 113 132 129 12.4 148 149 11q 125 134 126 135 125 ~ L • 
11:) '. 142 143 134 134 118 134 1 '- 5 126 114 133 130 125 146 150 178 126 134 126 134 126 - . ~ 3 I - 14 3 142 134 134 117 136 124 126 114 134 128 124 149 149 178 126 134 125 1 33 126 0 4: 142 141 134 134 120 135 122· 124 115 134 130 126 14Q 14Q 18 0 124 132 12 ·a 137 128 z 5: 141 142 134 138 120 133 127 126 112 134 131 125 151 147 177 128 132 124 136 122 
z 6: 144 142 131 138 121 137 122 125 115 131 129 126 148 150 181 127 135 127 134 124 
· ::> ---7 I -·· 1 4 5 144·134·13a 120 137 127 126 115 131 127 125 1-·49 150 181 127 132 128 137 127 ~ 8: 145 143- 135 1 37 120 137 126 122 115 1 34 1 31 126 151 151 181 126 1 3 t- 128 137 127 
.. 
TABLE 39 
"' Thickness Measurements (unadjusted and adjusted) Performed 11/84 at Site 5 
at the 35.2 meter elevation of the Unit 2 
North Furnace After Normal o2 Operations 
TUBE NUMBERS 
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 ?O 
- -·-
. - . . . . 
-
.. 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
.... _. ____ .. __ . --- -- ··--------------·-· ·--· .... - ~-·- ... - --- -. ·--- .......... . . -· .. . . - -· --~---- -----·- ----·- - - -- ------- --- -- ---- - ---
I-' ~ 11 203 220 222 194 199 215 259 2 66 2 61 262 230 223 219 219 215 212 205 202 213 211 I\J o:l 2 : 202 223 221 194 200 216 25 q 263 260 261 231 224 221 222 217 210 202 203 215 210 .....J ~ 31 203 220 220 193 200 214 259 262 7. 61 260 230 221 221 220 216 211 202 201 215 210 :::> 4 • 201 220 220·1q2·201 215 257 264 262 260 22g 222 ?22 220 216 210 203 201 214 212 z 5: 201 221 220 195 202 215 257 264 263 260 230 223 223 221 218 213 202 203 212 211 z 6: 202 2 20 222 196 201 214 260 265 2 61 259 230 225 220 222 216 210 204 205 215 213 b 7: 202 219 223 194 200 213 258 266 263 262 231 223 21Q 220 216 210 202 202 216 212 
~--a:--203· 21a- 220-1g4- 201 213 257 263 262 -260. 232 222·· 2 1 9 .. 2 2 1 -- 2 1 7 -209 204 203 213 211 
• • • • • • • • • • • • • • • • • • • • ~DJUSTED DAT4 • • • • • • • • • • • • • • • • • • • • 
----1-·-··---·-2 ---·---·3··----~- -·--·--5 -·----- 5··-· ··--7 .... ··-· 8 .. · · · 9 ·· -· · 1 a · · · -11 ·- -- · · 1 2 ---- 1 ·3 · · ·· ·· 1 4 --· -1 5 ·· -· -16 ·-· · · · 1 7 - 18 1g .. 20 
~ 
t:il 1 : 212 229 232 203.208 224 269 276 271 272. 240 233 228 22 8 224 221 214 211 222 220 ~ 2: 211 233 231 2 03 209 225 269 273 270 271 241 234 231 232 226 219 211 212 224 219 ~ 31 212 229 229 202 20Q 223 269 272 2 71 270 240 231 231 229 225 220 211 210 224 21g b 4. 210 229 229 201 210 224 26 7 274 272 270 239 232 ?32 229 225 21g 212 210 223 221 z . 5: 210 231 229 2 04 211 224 267 274· 273 270 240 233 233 231 227 222 ?. 1 1 212 221 220 Z 6: 211 229 232 205 210 223 270 275 271 26<1 240 235 2 29 232 225 219 213 214 224 22 2 0··7: --·211 -228 233 203 209 222 268 276 273 272 241 233 228 229 225 219 211 211 225 221 ~ a: 212 221· zzq 2 Q.3 210 222 267 273 272 2 70 242 232 228 7. 3 1 226 218 213 212 222 220 
... ,.~, 
,, 
t-' ~ 1: 
N ~ 2. 
CX) a:l • ~ 3: 
::J 4: 
z 5: 
z 6: 
::J 7 I 
~ 8: 
~ 1 • ~ . 
co 2 : 
:E! 3: 
::> 4 • 
z 5~ 
:z 6: 
::> 7: 
p:; 8: 
.. 
TABLE 40 
Thickness Measurements (unadjusted and adjusted) Performed 11/84 at Site 6 
at the 35.2 meter elevation of the Unit 2 
North Furnace After Normal o2 Operations 
TUBE NU~BERS 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
. 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
"n 
237 238 247 233 239 23Q 218 234 232 232 231 2 34 218 225 213 217 217 213 221 
236 236 245 233 238 23Q 218 232 231 232 230 233 218 225 213 217 217 213 220 
236 238 245 233 237 239 218 231 23? 232 230 233 218 225 213 217 218 213 220 
237 2 38 244 233 239 238 218 231 232 232 231 2 34 218 225 213 218 217 213 221 
237 238 244 232 239 239 219 233 233 232 230 233 217 225 213 217 216 213 221 
237 238 244 232 239 238 21R 231 231 232 229 234 218 225 213 218 217 213 220 
237 238 244 232 238 239 218 231 231 231 231 234 218 225 213 218 216 212 2 21 
237 238 244 231 239 240 218 232 230 230 230 2 33 218 224 213 217 217 212 220 
• • • • • • • • • • • • • • • • • • • • ADJUSTED DATA •••••••••••••••••••• 
1 2 3 4 5 -b 1 8 Q 10 11 12 13 14 15 16 · 17 18 1g 
24 8 249 258 244 250 250 228 245 243 243 242 245 228 236 223 227 227 223 232 
247 247 256 244 24Q 250 2?8 243 242 243 241 244 228 236 223 227 227 223 230 
247 249 256 244 248 250 228 242 243 243 241 244 228 236 223 227 228 223 230 
248 249 255 244 2~0 249 228 242 243 243 242 245 228 236 223 228 227 223 232 
24 8 249 255 ?. 4 3 250 250 229 244 244 243 241 2 44 227 236 223 227 22f: 223 23?. 
248 249 255 243 250 240 2?. 8 '42 242 243 240 2 45 228 236 223 228 227 223 230 
248 249 255 2 43 249 250 228 242 242 242 ?42 2 45 228 236 t'23 228 226 222 232 
248 249 ·255 242 250 2 51 228 243 241 241 241 2 44 228 235 223 227 227 222 230 
20 
20g 
209 
2oq 
20Q 
20g 
209 
209 
209 
20 
219 
21 g 
219 
21g 
21g 
21Q 
219 
21g 
~ 
N 
\.0 
TABLE 41 
Thickness Measurements (u.nadjusted and adjusted) Performed 11/84 at Site 7 
at the 31.7 meter elevation of the Unit 2 
South Furnace After Normal o2 Operations 
TUBE NUMBERS 
14 ~5 1 2 3 4 5 7 8 9 10 11 12 13 16 17 18 19 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED·OATA • • • • • • • • • • • • • • • • • • • • 
"H 
20 
~ 11 ~ 2. 255 250 250 zsq 251 174 180 187 1g2 212 210 207 189 182 1q2 184 183 188 1qo 191 256 252 252 2 60 250 173 178 188 194 213 212 209 188 184 194 186 182 188 1q1 192 ~ . 
~ 3: 256 250 2 51 2 5Q 250 173 17Q l8Q 190 211 20Q 209 190 18 3 191 184 183 186 191 190 
:::J 4 : 257 250 24Q 260 252 1 76 182 189 194 213 212 206 1 go 184 190 186 185 190 192 192 
z 5: 253 248 251 2 58 250 1 76 182 186 194 214 208 205 191 184 194 186 181 190 1go 190 
z 6: 254 251 252 260 252 175 182 186 193 211 212 zog 190 185 191 185 185 1eq 191 190 
~ 7: 257 251 249 2 57 252 175 181 1.89 194 210 210 208 190 183 193 lAb 184 190 191 192 
~ 8: .. 254 248- 251 2 60 252 1 75 182 1eq 1go 210 212 zoq ··190 184 194 186 182 189 191 191 
• • • • • • • • • • • • • • • • • • • • A-DJUSTEO DATA • • • • • • • • • • • • • • • • • • • • 
---------- -1 - ··-·- 2· ·-----· ·3 . -- 4 ·--··-···- . 5 - . -- 6"' ·-·- -7 ··-- 8 ····-··g····"·10 ·····11 · "12··---.. ·1·3·- "i4 ···-15···· 16 17 18 19 20 
P=: 261 256 256 265 257 177 183 1q1 196 216 214 211 1g3 198 187 192 194 1q5 ~ 1: 185 1 q6 
~ 2: 262 258 258 266 256 176 181 1Q2 1qa.211 216 213 192 188 198 190 185 192 195 196 ~ 3: 262 256 257 2 65 ?56 1 76 182 1Q3 194 215 213 213 194 18 7 195 188 187 1qo 195 194 p 4. 263 256 255 2 66 258 11q 185 193 198 217 216 210 194 188 1 q4 lQC 189 1 Q 4 196 196 
z 5; 25g 254 257 2 64 256 1 79 185 190 198 218 212 209 195 188 1ga 190 184 1Q4 194 194 
Z 6: 260 257 258 266 258 178 185 lQO 197 215 216 213 1Q4 189 195 189 l8Q 193 195 194 
~ 71 2 b3 257 255 2 63 258 178 184 lQJ 1Q8 214 214 212 194 18 7 1q1 1qc 188 1Q4 195 196 
81 260 254 ·257 266 258 178 185 193 1q4 214 216 213 1Q4 188 198 lQO 185 193 1Q5 1g5 
I-' 
w 
0 
TABLE 42 
Thickness Measurements (unadjusted and adjusted) Performed 11/84 at Site 8 , 
at the 31.7 meter elevation of the Unit 2 
South Furnace After Normal o2 Operations 
TUSE NUMBERS 
1 2 3 4 5 6 7 . 8 9 10 11 12 13 14 15 16 17 18 19 20 
THICKNESS IN MILS 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
~- .. . . . ...... -· ...... ... . . ........ .. .. . ...... - . 
~ 1: 243 239 237 2 41 243 238 235 238 240 242 244 241 243 244 240 241 243 237 240 238 C!l 2 I 245 239 238 244 244 240 238 237 240 2~2 243 242 242 246 240 241 240 240 241 23Q ~ 3 z 244 242 240 241 243 238 237 ~ 38 23g 242 24 6 241 242 244 242 243 240 236 240 237 Z 4: 244 241 238 241 243 240 235 239 241 242 244 240 243 245 240 241 242 238 239 238 5: 243 240 236 242 2 44 237 235 239 240 242 244 240 242 24 5 240 241 2 44 238 239 238 z 6: 242 239 237 2 43 243 239 237 23Q 240 242 243 2 41 242 24 2 240 241 242 237 239 240 ~ 71 244 241 238 2 41 244 240 236 238 239 242 243 243 243 244 242 244 239 238 240 240 a: 243 239-238 242'243 z3q 235-238 23q 242"244 242 245 244 240 241 2 41 238 240 23g 
• • • • • • • • • • • • • • • • • • • • ADJUSTED DATA ............ ,, ...... . 
----------1------·2 ------3 -·· ... 4 . ·- 5 . . . 6 ··--··· 7 .. - 8 .. ----- 9 . 10 . ... 11 -· .. 1 2 -
tz 
·-13--····14 .... 15·· 16'. 17 .. 18 19 20 
~ 1 • 245 241 z3q 243 245 240 237 240 242 244 24b 243 245 246 242 243 245 239 242 240 ~ zi 247 241 240 2 46 246 242 240 239 242 244 245 244 244 248 242 243 242 242 243 241 
:::> 3 : 246'244 242 243 245 240 239 240 241 244 24 8 2 43 244 246 244 245 242 238 242 239 
Z 4: 246 243 240 243 245 242 237 241 243 244 246 242 245 247 242 243 244 240. 241 240 
z 5 r 245 242 238 2 44 246 239 237 241 242 244 246 2 42 244 24 7 .24 2 243 246 240 2 41 240 
:::> 6 : 244 241 23Q 245 245 241 239 241 24 2 244 245 243 244 244 24 2 243 2 44 239 241 24 2 
p:; 7 t 246 243 240 243 246 242 238 240 241 244 245 2 45 245 246 244 24~ 241 240 242 24 2 a: 245 241 240 244 245 241 237 240 241 244 246 244 247 246 242 243 243 240 -242 241 
t,-J 
w 
t,-J 
l'•'-
TABLE 43 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 1 
at the 25.6 meter elevation of the Unit 2 
North Furnace After Low o2 .Operations 
TUBE NUMAERS 
1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
TIIICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
--·-· .......... _.. . . . . . , -- ... -- . . . . 
~ 1: 200 198 199 165 196 185 lQO 188 1 72 202 200 206 201 204 205 196 206 194 204 ~ 2. 202 zoi ~01 168 200 187 190 186 175 201 197 205 202 200 204 200 ;,04 195 205 ~ 3i 201 20 00 169 201 185 IQl 190 1 76 202 198 206 1Q9 200 206 201 200 197 203 
·::> 4: 200 199 200 1 70 202 184 194 188 173 20'- 200 204 203 1Q9 203 IQQ 201 198 2 Cl z 5: 201 202 202 1 72 198 184 192 187 174 201 201 203 202 199 203 197 203 200 203 z 6: 200 201 1Q8 1 71 199 18Q 190 189 176 198 1Q8 203 200 199 203 1q3 205 200 202 ::> 7 I 199 202 203 1 74 200 184 193 185 174 202 198 204 201 199 205 201 203 198 203 
~a: 198 198 202 170 1q3 182 193 184 l 70 200 199 205 200 202 204 193 205 197 1 qq 
• • • • • • • • • • • • • • • • • • • • ADJUSTED DATA •••••••••••••••••••• 
{ 
---------·-~--- -..... -----··- --------·· -·· ···-··---··. ···---- -·--· ...... - -· _ .... ··-··-·· -----·· ·-----..-···· .... -...... -. ··---····- .. ·--· .................. _ .. _____ ................... -............ --···---··---· ··- -- --··. -····- ........... ·- .. . -· -- - - - . . - . - - . - . . ... . . . 
.. . .. 1 2 3 4 5 6 7 8 q 10 11 12 13 14 15 lb 17 18 19 
~ 1 z 201 199 200 165 1g7 186 191 1aq 173 203 201 207 202 205 206 197 207 195 205 
'1l 2: 203 203 202 169 201 188 191 187 176 202 198 206 203 201 205 201 205 lQo 206 ::E: 3 i 202 204 201 170 202 186 192 lQl 1 77 203 1q9 201 200 201 207 202 201 198 2C4 ::> 4. 201 200 201 l 71 203 185 195 189 1 74 203 201 205 204 200 204 200 202 199 2C2 z 5; 202 203 203 1 73 199 185 193 188 175 202 202 204 203 200 204 1'18 204 201 2C4 Z 6: 201 202 199 1 72 200 1qo 191 lQO 177 199 19Q 204 201 200 204 1Q4 206 201 203 ~ 71 zoo 203 204 1 75 201 185 ·194 186 1 75 203 lQQ 205 202 7. 00 206 202 204 199 2C4 81 199 199 203 171 1q4 183 194 185 171 201 200 206 201 203 205 194 206 198 2CO 
20 
205 
203 
201 
204 
200 
199 
204 
203 
20 
206 
204 
202 
20 5 
201 
200 
205 
204 
I-' 
w 
rv 
.. 
TABLE 44 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 2 
at the 31.7 meter elevation of the Unit .2 
North Furnace After Low o2 Operations 
TUBE NUMBERS 
1 .Z 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1q 
THICKNESS IN MILS 
• • • • • • • • • • • • • • • • • UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
-·------------~---~·--------·----··-- -·- ·-- . ·--- .. --- . 
- -- -- - ~- - - - ------·-- - -- ----- -- -- -- - ·- --- - ---- - - . ------
- -- - --- ----~ 
~ 11 235 238 241 232 233 2 41 231 244 225 225 228 229 233 225 230 227 236 229 232 a::l 2 I 234 241 245 2 34 235 243 236 244 228 220 232 231 230 227 231 228 240 232 235 S 31 231 242 Z43 2 34 235 244 235 237 230 228 232 231 231 225.232 228 241 231 23Q Z 4: 234 243 242 234 233 2.44 238 z3g 228 226 236 2 31 230 227 230 230 243 234 237 5: 230 242 243 236 234 245 234 238 228 230 235 231 2 34 228 229 227 240 231 2 38 z 6: 231 239 243 238 234 243 234 z3q 230 228 234 232 234 231 231 227 240 235 236 ~ 71 232 241 242 238 230 244 234 242 230 229.233.231 232 . 2 2 5 ·-· 2 3 4 230 .242 235 238 a: 232 240 242 233 233 245 236 242 229 227 2. 3 l 231 232 231 234 2 31 240 231 2 37 
•••••••••••••••••••• ADJUSTED DATA •••••••••••••••••••• 
20 
226 
227 
22 7 
228 
228 
229 
221 
227 
--·------- - ------- ··- --------· - ---···---- -----.. ·- . . ···- .. ·--· . . . -·-· -·-· .. ·--· ····-- -- -·· -··- .... - ..,._ ---·--"'·····--· ·---- ............. _ ........... ._._ .. ____ ............ ··-·--··· ... ·-·· ...... . . ..- ... ····· ... . -· 
.... . - -- .. - -
··-----· ····-· 1 2 3 4 5 6 ~ 7 a 9 10 11 12 13 14 15 16 17 16 19 20 
r.x:t 1 z 242 245 248 239 240 248 238 251 2,31. 2 31 235 236 240 231 237 233 243 236 239 232 O'.=l z : 241 248 252 241 242 250 243 251 235 226 239 238 237 233 238 235 247 239 242 ·233 S 3: 238 249 250 2 41 242 251 242 244 237 235 239 238 2 38 231 239 235 248 238 246 233 Z 4: 241 250 249 241 240 251 245 246 235 232 243 238 237 233 237 237 250 ':' 4 1 244 235 r. z 5: 237 249 250 243 241 252 241 245 235 237 242 238 241 235 236 233 247 238 245 235 :::> 6 z 238 246 250 2 45 241 250 241 246 237 235 241 239 241 238 238 233 247 242 243 236 ~ 72 239 248 24Q 245 237 251 241 249 237 236 240 238 239 231 241 237 249 242 245 233 a: 239 247 249 240 240 252 243 24Q 236 233 238 238 239 238 241 238 247 238 244 233 
t-,1 
w 
w 
,· 
TABLE 45 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 3 
at the 31.7 meter elevation of the Unit 2 
North Furnace After Low o2 Operations 
TUBE NUMBERS 
1 ... 2 .. . 3 4 5 6. 7 8 9 10 11 12 13. 14 15 16 17 18 19 
THICKNESS IN ~1ILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
--·--- ---·-- . ---- ... _ - ---- -- --- - .. - - -- - - . . -- -·· -· . 
- - - . - .. 
. . ---· - ... . . - . 
-
~ 247 238 239 244 246 240 235 243 244 243 205 178 1 75 170 165 169 1 f:2 ~ 1 J 256 228 t::Q 2 : 247 241 240 2 39 241 236 234 239 247 247 251 231 202 179 177 174 168 1 71 162 ~ 31 248 239 239 2 43 246 240 236 237 246 244 250 232 204 179 167 1 76 170 169 167 p 4• 245 236 239 241 242 235 237 241 247 248 252 227 208 185 172 170 170 165 166 z . 5: 244 235 240 239 243 237 239 241 246 244 247 231 208 181 172 167 162 169 164 z 61 245 238 243 240 243 235 237 240 242 242 247 227 208 179 172 174 169 166 1 C:: 5 ~ 7: 242 236-.235 2 45 240 239 242 240 244 241 247 236.207 185 168 167 172 170 164 a: 244 236 238 2 41 239 236 240 238 243 242 245 2 33 203 184 169 167 172 173 164 
•••••••••••••••••••• ADJUSTED DATA 
• • • • • • • • • • • • • • • • • • • • 
-------· - ·--·-·---- ..... ------- ... ,-----·-···- ..... ·-·- -·-. ·----·- --·--·-- ~----···- ·-·--·-· .. ·-·. ·- ·--~-- -· ..•. ---·· --- .... 
····- . . ...... ,-··--·-· .. _._ .............. --·-· ------------.------ --------- ··-···--··- ... ·-····-··· ......... , ... - .. ... 
/ 
20 
lbA 
166 
172 
16 9 
162 
166 
168 
175 
l 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17 18 1g 20 tz 
~ 11 254 245 246 2 51 253 247 242 250 251 250 263 235 211 183 180 175 170 1 74 167 173 ~ za 254 248 247 2 46 248 243 241 246 254 254 258 238 208 1R4 182 179 173 176 167 171 S 31 255 246 246 2 50 253 247 243 244 253 251 257 239 210 184 172 181 175 174 172 177 Z 4: 252 243 246 2 48 z4q 242 244 248 254 255 259, 2 34 214 1g1 177 175 1 75 170 I 71 174 
z5' 251 242 247 2 46 250 244 246 248 253 251 254 238 214 186 177 172 167 174 16g 16 7 ::,61 252 245 250 247 250 242 244 247 249 249 254 234 214 184 177 179 174 171 l 70 171 rr,71 . 241 243 242 2 52 247 246 249 247 251 24A 254 243 213 191 173 172 177 175 169 173 8: 2 5 243 245 2 48 246 243 247 245 2 50 249 252 240 209 190 174 172 177 176 169 180 
t--' ~ 
w µ.1 
.i::. ~ ~ 
D 
z 
z 
~ 
~ 
~ 
~ 
~ 
::J 
z 
z 
::> 
~ 
TABLE 46 
Thickness Measurements {unadjusted and adjusted) Performed 3/85 at Site 4 
at the 35.2 meter elevation of the Uriit 2 
North Furnace After Low o2 Operations 
TUBE NUMBERS 
-- 1 2 3 4 5 6 7 8 9 10 11 12 13. 14 15 16 17 18 19 
THICKNESS IN MILS 
···············~· 
U N - A D J U S T-.E D DATA •••••••••••••••••••• 
--------- ~--....- .. ----....--·-----······------·---- ··- - ·-· 
---- -·.. . . 
- - - -- - ---- . -- --- - - - -- - - - -- -- - - . ·-- - - - - -- . - -- . - -- - - . - - - . -. - -.. 
,. 
20 
~-·--
l z 124 125 128 126 108 124 118 110 122 127 122 125 135 134 166 129 124 124 130 12q 21 125 126 126 124 108 124 118 110 120 12Q 124 123 135 133 164 127 126 127 127 12 8 3 z 124 124 125 126 109 122 115 108 121 130 123 121 133 134.164 125 126 125 126 127 4: 12 4 126 124 128 109 127 116 111 124 130 125 125 132 136 163 128 12 4 124 128 12 6 5: 124 127 126 125 108 126 117 lOQ 121 12Q 126 125 130 135 165 128 125 125 131 12 8 61 123 126 127 125 108 125 11g 110 121 130 122 126 134 136 164 127 126 126 128 12 7 7 i __ 125 125.126 126 108_123 11 7 111 124 128 122 125 132_135_167.127 125 124 12g 12 5 a: 126 126 127 125 107 124 119 110 123 129 124 129 135 136 lob 127 123 124 127 12 8 
• • • • • • • • • • • • • • • • • • • • ADJUS·TED DATA •••••••••••••••••••• 
. . . . . . ... - . . . . . . . . . '... . .......... ,. ......... 
-· 
--- -- --
. . . - .. . . . . .... " -· . . . . . -·· .. 
1 2 3 4 5 6 7 8 Q 10 11 12 13 14 15 lb 17 18 19 20 
1: 129 130 133 131 113 129 123 115 127 132 127 130 '140 139 171 134 129 12Q 135 134 zz 130 131 131 129 113 129 123 115 125 134 129 128 140 138 169 132 131 132 132 133 31 129 12g 130 131 114 127 120 113 126 135 l~B 126 138 139 169 130 131 130 131 13 2 4: 12q 131 129 133 114 132 121 116 12g 135 130 130 137 141 168 133 129 129 133 131 51 12Q 132 131 1 30 113 131 122 114 126 134 131 130 135 140 170 133 130 130 136 13 .3 61 128 131 132 130 113 130 124 115 126 135 127 131 139 141 169 132 131 131 133 132 71 130 130 131 1 31 113 128 122 116 129 133 127 130 137 140 172 132 130 12() 134 130 a: 131 131 132 130 112 129 124 115 128 134 129 134 140 141 171 13? 128 12'1 132 133 
I-' 
w 
Ul 
p=; 
~ 
o:l 
~ 
::, 
z 
z 
::, 
~ 
TABLE 47 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 5 
at the 35.2 meter elevation of the Unit 2 
North Furnace After Low o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 lQ 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • rtn 
- -· -·· - --·- .. -· - - - -· ------- -
·-- - -- -- . -- - . - . 
1, 204 214·220 193 203 212 251 260 2 60 261 230 228 206 220 197 205 210 2013 205 2, 203 213 221 193 203 213 250 261 259 262 229 22Q 206 21Q 199 204 210 20Q 204 3: 201 215 219 192 205 214 2 'i 1 25Q 262 260 231 227 205 218 198 205 20g 2l0 203 4: 201 215 220 191 201 212 251 260 261 2 61 230 228 204 217 199- 203 211 208 204 5 I 202 213 219 193 201 211 250 261 259 260 229 22Q 206 218 197 204 209 208 205 61 203 213 21Q 192 202 212 251 259 261 260 230 229 206 21Q 198 204 20Q 207 204 71 203 214 218 192 203 210 252 2 59 260 260 229 229 205 218 197 203 209 208 2 04 a: 201 215 220 194 202 215 250 261 261 262 229 228 207 220 198 206 209 207 206 
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
·-· --· ·-· - - - .... ·-··· .. -·-· ·-- _____ .. . -- . . -- ·-· .. . ....... ·-·- .... - -· ..... _., .. . . ·-· - . . - -- . 
.. - . ·-- ... --~-- .. -- .. - ···-·---·--·····. ·--······--.. ·-···- ····--·-·-·· -· ·-·· - ..... . . 
?.O 
204 
204 
204 
205 
206 
206 
206 
205 
1 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17 18 19 20 p:: 
214 224 230 202 213 222 262 271 271 272 240 238 216 230 207 215 220 218 215 214 µ.'.l 11 Cl'l 2 i 213 223 231 2 02 213 223 261 272 270 273 239 23Q 216 22Q 20Q 214 220 219 214 214 ~ 31 211 225 ZZQ 2 Ol 215 224 262 270 273 271 241 237 215 228 2 08 215 219 220 213 214 ::, 41 211 225 230 2 00 211 222 262 2 71 272 272 240 238 214 2 7. 7 209 213 221 21~ 714 215 Z 51 212 223 229 202 211 221 261 272 270 2 71 23g 239 216 229 207 214 21g 218 215 216 
:Z 6Z 213 223 22Q 201 212 222 262 270 212 2 71 240 239 216 22Q 208 214 219 217 214 216 ::> 71 213 224 228 2 01 213 220 263 270 2 71 271 239 239 215 228 207 213 219 218 214 210 ~ 81 211 225 230 203 212 225 2bl 272 272 273 239 238 217 230 208 216 21q 217 216 215 
r-' 
w 
O"\ 
TABLE 48 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 6 
at the 35.2 meter elevation of the Unit 2 
North Furnace After Low o2 Operations 
TUBE NUMBERS 
1 2 3 4 5 6 7 8 q 10 11 12 13 14 15 16 17 18 1q 20 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUS!fD DATA • • • • • • • • • • • • • • • • • • • • 
-- ---··-- .......... ····- ------··-···· .. - . •· ·- - -· --
.. ... . . . -- - . - ... -· .. .. --- ·- --- -
. - . - ----- --- - . ·----- - -
- . . 
~ ~ 1 J 220 225 230 220 222 22~ 218 229 230 230 230 232 230 232 217 222 222 210 222 220 
~ 2s 22! 227 228 222 224 228 217 229 232 233 228 231 230 234 220 223 224 212 223 221 3: 22 228 227 221 225 230 218 231 231 234 229 232 231 233 220 224 223 212 225 220 ~ 4: 223 229 228 220 221 228 220 228 232 235 230 231 232 23 3 221 225 224 213 225 221 
5Z 222 226 229 222 224 229 218 229 230 234 231 230 230 232 219 223 223 210 224 221 5 6: 221 227 230 221 221 230 21Q 230 231 233 231 231 230 23 3 219 222 225 211 223 222 
~--1 t ___ 2 2 2 .... 2 2 7 ··- 2 2 9 _ 2 2 O 225 230 219 230 232 _ 2 3 3 --- 2 3 2 --- 2 31 --- 2 3 0 -- 2 3 2 ·- _ 21 7 .. _2 2 3 ____ 2 2 4 -- 2 0 9 .. 2 21 .. 2 2 1 
a: 220 221 231 220 221 228 21q 229 230 234 233 230 229 231 218 224 221 210 223 222 
• 
•••••••••••••••••••• ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
------- ..... -· .... --. ----·--· ----. ---· ........... . ... -··- ... . 
·- .. ....... . ...... - . - ··- .. - .. . ......... . 
., ... 
.. .. ... . . . ... ········ .. . .. ---·--· ............ -···---- ...... -~· .. ··-·· .. 
.. . ..... ' . ·• . 
1 2 3 4 5 6 7 8 q 10 11 12 13 14 15 lb 17 18 19 .. 20 
fl:: 
~ l: 228 2 34 239 228 230 238 226 238 23q 23Q 239 241 23Q 241 225 230 230 218 230 228 
CQ ? • 229 236 237 2 30 233 237 225 238 241 242 237 240 23Q 243 228 231 233 220 231 22q ~ .... 
:::J 3 I 230 237 236 22Q 234 2 39 226 240 240 243 l38 2 41 240 242 228 233 231 220 234 22 8 
Z 4: 231 238 237 228 229 237 228 237 241 244 239 240 241 242 229 2 34 233 221 2 34 22 9 
z 5: 230 235 236 2 30 233 238 226 238 239 243 240 239 23g 241 227 231 231 2 1 CJ 233 22g 
p61_22Q 23b 239 229 229 239 227 239 240 242 240 240 239 242 227 230 234 219 231 230 
p::: 71 230 236 238 2 28 234 2 39 227 23Q 241 242 241 240 z3q 241 225 231 233 217 229 229 
az·22a 236 240 2 28 22Q 237 227 238 239 243 24 2 239 238 240 226 2 33 229 218 231 230 
f-1 
w 
....J 
,. l 
·--· .. . / 
~ ~ ' 
~ 1 I 253 
a:l 2: 251 ~ 3: 252 
::J 
z 4: 253 5 I 252 
z 6: 251 
:::> 71 253 ~ a: 255 
TABLE 49 
Thickness Measurements (unadjusted· and adjusted) Perf armed 3/H 5 at Site 7 
at the 31.7 meter elevation of the Unit 2 
South Furnace After Low o2 Operations 
TUBE NUMBER·S 
2 3 4 5 b 7 8 . Q 10 11 12 13 14 · 15 16 17 18 lQ 20 . 
THICKNESS IN t1ILS 
••••••••••••••••• UN-ADJUSTED DATA • ••••••••••••••••••• 
245 246 253 242 183 191 186 194 203 221 207 187 18 0 183 177 188 192 1qo 18 3 
246 245 254 241 184 193 187 194 204 220 209 186 181 183 175 189 193 l8Q 18 2 244 247 2 53 243 181 195 188 192 204 221 209 187 18 0 185 178 188 190 190 1'8 5 
245 247 253 242 184 192 188 191 202 222 207 187 182 182 179 188 193 191 183 244 246 253 241 184 191 185 190 203 221 208 188 181 184 176 187 194 192 181 
243 244 256 241 183 191 188 192 203 219 205 188 17Q 185 1 77 186 l q5 1e9 184 245 247 257 243 185 1Q2 18 7 191 205 220 206 lQO 181 183 1 76 187 193 191 181 
246 248 259 246 186 1g4 188 192 207 221 208 192 183 184 177 187 194 192 186 
• • • • • • • • • • • • • • • • • • • • ADJUSTED DATA •••••••••••••••••••• 
- -· -- -·- - . . ---···· ... -- -- ·- ····-- .. -· . 
.. ,... .. ... . ........ 
--·. --· ......... - . . .. ... - .. . . . . ... . ... . ... . .. .. •,... ······- .. ······. .. . ··- ... ' .... - . . . ...... __ ,.. .. - .. . ., ... 
1 2 3 4 5 b 7 8 9 10 p::; 11 12 13 14 15 16 17 18 19 20 
~ 1: 256 248 249 256 245 185 194 189 1g7 206 224 210 1 qo 182 185 179 1q1 195 193 185 
a:l 2 I 254 249 248 257 244 186 196 1qo 197 207 223 212 189 183 185 177 1 Q2 196 1.q2 18 4 S 31 255 247 2 50 2 56 246 18 3 1ga 191 195 207 224 212 190 18 2 188 180 191 193 193 188 
Z 4: 2 5"b 2 48 250 256 245 186 195 1q1 1g4 205 225 210 1 qo 184 184 181 lQl 196 1q4 18 5 
:z 51 z·s 5 247 24() 256 244 186 1()4 188 193 206 224 211 191 183 186 1 78 lQO 197 1q5 183 6J 254 246. 247 259 244 185 194 1 Ql 195 20b 222 208 lQl 181 188 17Q l8Q 1'18 192 186 ::> p::; 71 256 248 250 260 246 188"195 190 194 209 223 20Q 1q3 18 3 185 1 78 IQO 196 194 183 
a: 258 2 49 2 51 262 z4q 18Q 197 19i 195 210 2 2.4 211 195 185 ·1 Ab 17Q lQO 1Q7 1q5 189 
( ... ~, 
~ 
w 
00 
1 
TABLE 50 
Thickness Measurements (unadjusted and adjusted) Performed 3/85 at Site 8 
at the 31.7 meter elevation of the Unit 2 
South Furnace After Low o2 Operations 
TUBE NUMBERS 
2 3 4 5 6 1 8 q 10 11 12 13 14 15 16 17 18 19 
THICKNESS IN MILS 
••••••••••••••••• UN-ADJUSTED DATA • • • • • • • • • • • • • • • • • • • • 
20 
- - --·-··- -- - ---- --- ---··- - -· -- . - . --- - ---
----· - --· -· -- .. ·-·-··. 
·-... . - . . -
~ -·--·-·--·····-·--·--- ··--------······· -···· --- . ··- .. . - " - - . -
~ lt 231 230 230 233 227 220 223 224 225 234 238 240 238 236 237 237 231 227 237 232 
~ 21 229 230 227 2 34 224 216 222 228 227 237 239 2 41 237 23 5 237 2 37 232 22Q 234 2 3-2 
:::> 3 i 230 226 22Q 2 33 224 217 221 222 230 237 241 239 236 234 237 237 230 227 231 229 
:z 4: 231 227 227 236 227 216 220 224 223 237 237 238 236 235 239 239 230 227 232 234 
:z 5: 231 232 231 238 225 217 224 224 226 236 240 236 238 233 240 236 231 228 236 234 
:::> 6Z 231 233 227 234 22Q 224 221 229 227 237 240 239 234 237 239 238 235 231 240 234 
~ 7: _ 2 3 5 .. 2 3 4 ·- 2 3 3 _ 2 3 8 _ 2 2 q 223 226 225 229-238 241 . 2 41 -·· 2 3 9 -- 2 3 9 . 2 4 b -- 2 4 0 236 .233. 238 235 
a: 234 231 234 236 228 222 22 7 229 2 28 240 ·244 243 244 238 241 240 235 231 237 233 
•••••••••••••••••••• ADJUSTED DATA •••••••••••••••••••• 
----------- ----·· - ·- - - -·-· -- -· -·. -----·· ... - - - ·- ···- -·· -·- . 
.. --- . - •·. 
-- ·-------· ..... ---- ---- - - .. 
-----··-·· -- ·- ------- --·-·-··--·· .... ---------·-· ________ .. ____ ··--··---· ' ...... ,. .... _... ..... .. 
··- ....... 
~ 1 2 3 4 5 6 7 8 
q 10 11 12 13 14 15 16 17 18 1q 20 
~ 1 i 237 236 236 239 233 226 229 230 2 31 240 244 246 244 242 243 243 237 233 243 238 
~ z s 235 236 233 240 230 222 22 8 234 233 243 245 247 243 241 243 243 238 235 240 238 
::J 3: 236 232 235 2 39 230 223 227 2 7- B 236 243 247 2 45 242 240 243 243 236 233 237 235 
z 4: 237 233 233 242 233 222 226 230 229 243 243 244 242 241 245 245 236 233 238 240 
:z 5: 237 238 237 244 231 223 230 230 232 242 24ff 242 244 239 246 242 ?37 234 242 240 
:::> 6 : 237 239.233 240 235 230 233 235 233 243 246 2 45 240 243 -245 244 241 237 246 240 
p:: 71 241 240 239 244 235 22Q 232 231 235 244 247 247 245 245 252 246 242 239 2 44 241 
81 240 237 240 242 2 34 228 233 235 2 34 246 250 249 250 244 247 246 241 237 243 23Q 
._ 
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